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GENERAL INTRODUCTION 
The impact of agricultural activities on surface and groundwater 
quality has been the source of much controversy. In 1968, Barry Commoner 
presented a paper to the American Association for the Advancement of 
Science in Dallas, Texas, where he concluded that half the nitrates 
present in an Illinois river came from fertilizers (Congressional Research 
Service, 1979, p. 123; Kohl et al., 1971). Commoner, in his 1971 book. 
The Closing Circle (p. 89), alleges that 60% of the nitrate in Lake 
Decatur, a reservoir on the Sangamon River comes from "... the intensive 
use of artificial fertilizer nitrogen on neighboring farms." Both 
Commoner's original paper and his book received widespread publicity and 
were vigorously attacked by agricultural scientists and the fertilizer 
industry for his use of inconclusive data sets. S. R. Aldrich (1980) 
devotes an entire chapter in his special publication to rebutting 
Commoner's conclusions on the extent of fertilizer nitrogen reaching 
surface waters. Aldrich however, succeeds only in questioning the 
magnitude to which fertilizer use was responsible for nitrate found in 
surface waters. The premise that fertilizer nitrogen could influence the 
nitrate content of surface waters was not disputed. 
Nitrogen uptake by a corn plant is typically only 35 to 50% of the 
fertilizer nitrogen applied (Hallberg et al., 1984). The fate of the 
remaining nitrogen and its Impact on surface and groundwater is a growing 
concern. Fertilizer use in the United States doubled between 1960 and 
1980 (Congressional Research Service, 1979, p. 121). In 1983 nitrogen 
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fertilizer use was 11.2 million tons (CAST, 1985, p. 58). Fifty-six 
percent of this nitrogen fertilizer was applied in the north central 
states. 
High nitrate concentrations in well water was first recognized as a 
health problem in 1945 when two cases of infant methemoglobinemia were 
reported in Iowa as a result of water from a farm well containing high 
nitrate concentrations (Aldrich, 1980, p. 157). Iowa data show that wells 
less than 50 feet deep are especially vulnerable to nitrate contamination 
(Detroy et al., 1988; Hallberg, 1985). Fairchild (1987) lists 14 states 
reporting widespread regional groundwater contamination with high nitrate 
levels due to farm fertilizer. Sixteen additional states showed localized 
nitrate problems as a result of fertilizers. 
With the recognition that fertilizers were a potential threat to 
water supplies, concern was soon extended to the use of other agricultural 
chemicals. In 1976, the Congressional Research Service (1979) reported 
that the combined herbicide and insecticide usage in the United States was 
556 million pounds of active ingredient. Between 1965 and 1975, herbicide 
use increased at an annual rate of 10%, while insecticide use grew 3.6% 
per year. The use of insecticides dropped between 1976 and 1982, but 
total pesticide sales for 1983 in the United States reached 1.1 billion 
pounds. Of this total, 68% went for agricultural use, 17% for industrial 
and commercial use, 8% for home and garden use, and 7% for government use 
(CAST, 1985, p. 38). 
Groundwater is the drinking water source for 50% of the United States 
population. In rural areas, 85% of the population relies on groundwater. 
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Eighty-six percent of the total water resources of the U.S. are contained 
in groundwater aquifers (CAST, 1985, p. 7). In response to public 
concern, state monitoring programs have increasingly focused on pesticide 
and nitrate levels present in private and public water supplies including 
those from wells. Pesticides in detectable concentrations have been 
reported during recent groundwater sampling programs in six states, Iowa, 
Oregon, Minnesota, Pennsylvania, Massachusetts, and Illinois. Two other 
states Arkansas and North Dakota, each reported only one well with 
detectable pesticide levels. The extent of contamination reported in the 
first six states varied depending on the number of wells sampled, type and 
extent wells sampled, and analysis methodology. Pesticides found ranged 
from a low of 11.3% of domestic groundwater supplies sampled in Illinois 
to high of 40.8% reported for the 358 ground and surface supplies 
monitored in Massachusetts (NWWA, 1988). Pesticide contamination on a 
widespread basis has been reported in California, Connecticut, Florida, 
Maine, Nebraska, New Jersey, New York, Rhode Island, South Dakota, Texas, 
and Washington (Fairchild, 1987). 
The extent to which pesticides have been found in groundwater 
supplies has both surprised and alarmed many in the agricultural 
community, who had been assured repeatedly by agricultural researchers and 
manufacturers that pesticides, unless misused, were safe and did not pose 
a threat to the environment (Goring, 1978; Lewert, 1976). It was commonly 
believed that leaching could be a problem only for highly permeable soils 
(Valiulis, 1986). The pesticide screening model of Jury et al. (1987) 
developed to estimate the potential for pesticide leaching, predicted that 
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three herbicides (cyanazine, alachlor, and 2,4-D) appearing in Iowa 
groundwater (Iowa Department of Natural Resources, 1988) were expected to 
possess a minimum leaching potential. The question that society is now 
asking researchers is: How and why are pesticides reaching groundwater, 
and what can be done about it? 
Leonard et al, (1976) state four major mechanisms which determine the 
fate of a pesticide. 
1) Adsorption / Desorption - The affinity of a chemical for 
attachment to soil minerals and organic matter. 
2) Degradation - How rapidly a chemical will break down after 
it is applied by chemical, microbial, or photochemical 
decomposition. 
3) Volatilization - Chemical losses to the atmosphere. 
4) Runoff and Leaching - The mechanisms which influence transport 
of a chemical by water. 
The first three mechanisms: adsorption, degradation, and 
volatilization; all act to reduce the quantity of pesticide present in a 
soil, or act decrease its availability to move with water. The fourth 
mechanism, runoff and leaching, may require some re-examination of our 
understanding of how water moves in soils in order to provide an 
explanation of how a pesticide may be reaching groundwater supplies. Most 
attempts at predicting pesticide movement have relied on convective-
dispersion models, which assume soils are a uniform homogenous media 
(Freeze and Cherry, 1979, p. 389). 
Lawes et al. (1881) recognized early that there was a basic flaw in 
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this assumption. 
It would be a mistake to regard an ordinary soil as a uniform 
porous mass, which simply becomes saturated with water and then 
parts with its surplus by drainage; soil is, in fact, penetrated 
by innumerable small channels, and through these more or less of 
the drainage always takes place. Some of these channels consist 
of surface-cracks, which, becoming partly filled with sand and 
small stones, remain partially open after dry weather has 
ceased. The deeper channels are, however, not of this 
character, but are produced by the roots of plants, or to a 
still greater extent by the burrowing of worms. 
The significance of these preferential flow channels through soil has 
recently begun to be examined from a new perspective. Beven and Germann 
(1982), Thomas and Phillips (1979), and White (1984) have reviewed some of 
the consequences of preferential flow in soil where it exists. Recharge 
of groundwater can begin before a soil reaches field capacity. Chemicals 
will be moved to a much greater depth by rain or irrigation than predicted 
by "piston" displacement, although much of the chemical may be bypassed 
and remain near the soil surface. Water and transport equations based on 
average hydraulic conductivities do not apply (Bouma, 1981). 
Developing management strategies which reduce fertilizer and chemical 
movement and improve the efficiency of irrigation and drainage will 
require a better understanding of the mechanism of water movement in soils 
by preferential flow. 
Objectives 
With the overall goal of developing a better understanding of how and 
when water and chemicals move by preferential flow within the soil 
profile, this dissertation is based on a study with three major 
objectives : 
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1) Investigate the importance of preferential flow through the root 
zone as a mechanism for transporting water containing adsorbed and non-
adsorbed chemicals in a typical Iowa glacial till soil under cultivated 
field conditions, 
2) Determine from breakthrough curves and from batch adsorption 
tests, the adsorption characteristics of the fluorescent dye, rhodaraine 
WT, using soil from the site of the field investigation, and compare the 
experimental values with common pesticide adsorption values from the 
literature, and 
3) Evaluate the use of a tension infiltrometer as a means of 
measuring soil pore size distribution in the field in an attempt to 
quantify preferential flow paths. 
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LITEEIATURE REVIEW 
Water Movement in Soils - An Overview 
Darcy's law, first derived empirically in 1856, forms the basis for 
most efforts to describe flow through porous media (Nielsen et al., 1972; 
Swartzendruber, 1969): 
(also refered to as the specific discharge or Darcy 
velocity) 
K - hydraulic conductivity (L t"^) 
- total potential gradient (change in potential 
[pressure + elevation head] / density of water per 
unit length) (L L"^ ) 
The Hagen-Poiseuille equation for flow through capillary tubes is also a 
form of Darcy's law that has been used to describe flow through saturated 
porous media (Lamb, 1932): 
q — -K (1) 
where: q - water flux / unit area (L^ L'^ t"^ ) 
Q - n r^ pi g V# - KV^  ( 2 )  
8/i 
where : r - radius of capillary pore (L) 
p  -  fluid density (M L*^ ) 
g - gravitational constant (L t"^ ) 
H - fluid viscosity (M L"^ t"^ ) 
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It has been shown that both equations are solutions to the Navier-
Stokes equation (a momentum balance equation) for steady flow at low 
Reynolds' numbers (Childs and Collis-George, 1950), At low Reynolds' 
numbers the inertial terms in the Navier-Stokes equation become negligible 
(Hillel, 1980; Philip, 1969a). Studies to determine an upper limit on a 
Reynolds number that would assure the occurrence of Darcian flow are 
reviewed by Scheidegger (1974). He reports values in the literature for 
such a maximum Reynolds number of from 0.1 to 75, The wide range in 
values is attributed to the difficulty in defining a representative pore 
diameter in a porous media. 
Combining the principle of mass conservation with Darcy's law results 
in the Laplace equation, which governs fluid flow under homogenous, 
isotropic, saturated steady state conditions (Nielsen et al,, 1972): 
where : <f> - soil water potential (pressure+elevation head/water 
density) (L) 
X, y, z - direction coordinates 
Darcy's law can also be applied to unsaturated flow through porous 
media. The chief difference for unsaturated flow is that the potential 
gradient term is usually dominated by capillary forces and secondly, 
hydraulic conductivity is a function of a soils' moisture content 
(Richards, 1931), Buckingham (1907) is credited by Richards (1928) as the 
first to apply the concept of capillary potential as the driving force of 
water movement in unsaturated soils: 
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q - -K(g).V(#(0)+z) (4) 
where: q - water flux / unit area (L^ L"^ t"^ ) 
(specific discharge) 
K(0) - Hydraulic conductivity as a function 
of soil moisture content (L t"^ ) 
6 - volumetric moisture content (L^ L"^ ) 
^(0) - moisture potential (L) 
z - gravity head (L) 
Combining the continuity equation with Darcy's law for unsaturated 
flow, results in the Richards' equation (Richards, 1931): 
K(9)(V2^) + V(K(g)(V^ )) + g 8K(*)/az - -Pg d e / d z  (5) 
Where: d  - volumetric moisture content (L^ L"^ ) 
K(0) - hydraulic conductivity as a function of soil 
water content (L t"^) 
Pg - bulk density of media (M L"^ ) 
z - coordinate in downward direction (L) 
- moisture potential (L) 
3 6 / d t  -  rate of moisture content change with time (t"^) 
A transform of this equation introduces a moisture diffusion term 
that is a function of soil moisture (Kirkham and Powers, 1972): 
D(g) - K(9) 3^/89 (6) 
Which when substituted into Equation 5 gives the diffusion equation: 
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v(Dvg) +  d K ( 0 ) / d z  - do/at (7) 
The introduction of a diffusion term allows analytical solutions 
worked out for the mathematically identical heat transfer equation to be 
used as solutions to Equation 7 (Nielsen et al., 1972). Many commonly 
used infiltration equations are derived from a solution of a special case 
of Darcy's equation, the Hagen-Poiseuilles equation or diffusivity 
equation (Green and Ampt, 1911; Philip, 1957; Richards, 1931; Main and 
Larson, 1973; Bouwer, 1969; Holtan, 1961; Klute, 1952). The utility of 
Darcy's law to describe saturated and unsaturated flow is well 
established, especially when applied to homogenous soil columns in the 
laboratory, or in uniform soils (Haverkamp et al., 1977; Philip, 1969b; 
Swartzendruber, 1969; Bear and Verruijt, 1987). 
With increasing variations in flow velocity, under heterogenous soil 
conditions frequently found under field conditions, predictions of water 
movement based on Darcy's law become less accurate (Elrick and French, 
1966; McMahon and Thomas, 1974; Anderson and Bouma, 1977a,b; Lewis, 1977; 
Philip, 1983). Two causes of flow heterogeneities through soils and 
geological formations recently receiving widespread interest in the 
literature are unstable flow or "fingering", and flow through macropores 
(Aburime, 1986). Both types of heterogeneities are examples of water 
movement by preferential flow paths or simply called "preferential flow". 
Preferential fl)w paths under heterogeneous conditions are most often 
evident where soils have well developed structure and aggregation. 
However, water movement by preferential flow paths has been shown to exist 
even in weakly structured soils (Coles and Trudgill, 1985). Even under 
11 
homogenous conditions of dry glass beads, unstable flow or fingering 
occurs as the beads drain following surface ponding. Tamai et al. (1987) 
modeled finger formation and noted that instability occurred whenever: 
q < / M (8) 
Where: q - Darcy velocity or specific discharge (L t"^) 
- density of water (M L'^ ) 
g - gravitational constant (L t"^) 
k - intrinsic permeability (L^) 
H - water viscosity (M t"^ L"^ ) 
Since: K - p^gk / fi (9) 
where K is the hydraulic conductivity (L / t) instability occurs whenever: 
q < K (10) 
In a layered soil, fingering commonly occurs when a soil with a lower 
hydraulic conductivity overlies a soil with a higher hydraulic 
conductivity (Hill and Parlange, 1972; Hillel, 1987; Costing et al., 
1987). 
Preferential Flow Through Macropores 
The concept of preferential water movement through soil is not new to 
soil physics (Schumacher, 1864; Lawes et al., 1882). The implications 
however, of preferential flow by macropores have recently taken on new 
significance. Before discussing the implications of macropores, the 
question: "What is a macropore?" needs to be addressed. The answer 
depends somewhat on who's definition is used. Brewer (1964) devotes a 
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chapter in his text, Fabric and Mineral Analysis of Soils to describing a 
detailed morphological classification of soil voids. He describes eight 
different classification of soil voids. The four which are likely to be 
interconnected and function as preferential paths are termed packing 
voids, channels, chambers, and planes. Macroporosity, channelling, 
piping, bimodal porosity, and shrinkage cracks are all terms which have 
been used to describe conditions where preferential movement of water may 
occur through larger soil pores. Structured soils with cracks ; fractures 
or aggregates; shrinking and swelling soils; soil piping; plant roots; as 
well as insect, worm, and animal burrows all contribute to macroporosity 
(Seven and Germann, 1982). 
Table 1, adapted from Beven and Germann (1982), presents a brief 
summary of various definitions of macropores that have been proposed based 
on pore sizes. Recently Luxmoore (1981), Bouma (1981), Beven (1981), and 
Skopp (1981) all offered suggestions to clarify the use of the terms 
"micro, meso, and macroporosity". Both Luxmoore (1981) and Bouma (1981) 
proposed definitions based on standard sizes or capillary pore pressure 
such as appear in Table 1. 
The relationship between capillary pore pressure or moisture tension 
and pore size is described by the capillary rise equation (Hillel, 1980 p. 
47): 
Hg - 2 a cos a / (g (/>„ - p^ ) r) (11) 
where: - height of water rise from capillary pore pressure (L) 
a - surface tension of water (M t"^ ) 
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g - gravitational constant (L f^ ) 
- density of water (M L'^ ) 
- density of air (M L"^ ) 
r - radius of pores (L) 
For water at 20° C, and ignoring the density of air, Equation 11 
reduces to : 
Hg - 1.49 X 10-5 / r (12) 
where: and r are in meters 
Beven (1981) and Skopp (1981) however, resisted the idea of defining 
soil pores based on an arbitrary classification by size, instead they 
proposed a definition based on the dynamics of channelization and the role 
of various pore sizes in the flow process. Skopp (1981) suggested a 
definition based on the flow characteristics of macroporosity and matrix 
porosity. He offered a working definition of macroporosity such that it: 
. , . designate that pore space which provides preferential flow 
paths of flow so that mixing and transfer between such pores and 
remaining pores is limited. Macropores may consist of 
interaggregate pore space, shrink-swell cracks, root channels, 
or faunal tunnels. 
The term "matrix porosity" is used to: 
. . . designate that pore space which transmits water and solute 
at a rate slow enough to result in extensive mixing and 
relatively rapid transfer of molecules between different pores. 
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Table 1. Some definitions 
Germann, 1982) 
of macropores (adapted from Beven and 
Pore 
Diameter (mm) 
Capillary pore 
Pressure (cm) Reference 
> 3 < 1.0 Beven and Germann (1981) 
> 0.075 
> 5 
2 - 5 
1 - 5 
0.075 - 1 
< 
< 
1.5 
3 
40 
40 
0.6 
- 0.6 
- 0.6 
- 3 
Brewer (1964 p. 182) 
"Coarse Macrovoids" 
"Medium Macrovoids" 
"Fine Macrovoids" 
"Very Fine Macrovoids" 
>0.06 < 50 Bullock and Thomasson (1979) 
> 0.1 < 15 Jongerius (1957) 
(cited by Brewer, 1964) 
> 1 < 3 Luxmoore (1981) 
> 0.03 < 100 Marshall (1959) 
> 0.05 < 60 McDonald (1967) 
> 0.1 < 30 Nelson and Baver (1940) 
> 0.3 < 10 Ranken (1974) 
2 - 10 
0.2 - 2 
1.5 
15 
- 0.3 
- 1.5 
Reeves (1980) 
Enlarged macrofissures 
Macrofissures 
> 0.06 < 50 Mosley (1979) 
Douglas (1986) reported that the volume fraction of macropores in a 
soil was less than 5%. Germann and Beven (1981) reported 1% macropore 
volume in the topsoil and 4.5% for the subsoil of an Oxford clay. Bouma 
et al. (1979) found that the volume of macropores actually functioning in 
a soil, may be only around 1% of the total soil volume. In a highly 
structured peat soil, active porosity (including macropores) was 14% of 
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the total porosity, equivalent to flow through pores greater than 0.030 mm 
diameter (Loxham,1985). 
Preferential flow through the larger soil pore spaces has been found 
throughout the world. Table 2 provides an overview of a few of the 
locations, soil types, and sources of macroporosity described in the 
literature. There is a wide diversity of biological and physical causes 
for macropores. 
Attempts have been made to relate saturated hydraulic conductivity to 
soil morphology by summing the capillary flow calculated from pores and 
cracks (Anderson and Bouma, 1973; Bouma and Anderson, 1973; Bouma and 
Denning, 1974; Bouma et al., 1979; Smettem and Collis-George, 1985b). The 
results have been variable and sensitive to errors in measuring pore 
sizes. Bouma and Anderson (1973) and Leeds-Harrison and Shipway (1984) 
found that hydraulic conductivity values calculated from pore size 
measurements were much higher than those obtained from actual measured 
conductivities. One of the reasons for this discrepancy is that not all 
macropores are connected or function in distributing soil water. 
Consequences of preferential flow 
The Hagen-Poiseuille equation (Eq. 2) predicts that flow rate 
increases with the fourth power of the pore radius. Thus, a major effect 
of a macropore is to increase water flux through a soil. Rahe et al. 
(1978) found peak lateral water velocities in excess of 15 m/h through a 
forest soil with macropores. Vertically continuous macropores have been 
shown to dominate permeability in some soils, despite occupying only a 
small part of total porosity (Bouma et al. 1977; Dixon, 1966; Douglas, 
Table 2. Overview of soil macropores reported 
Soil Type Location Type of Macroporosity 
Wisconsin soil structure 
F.R. Germany cracks & soil 
(Bavaria) structure 
F.R. Germany shrinkage cracks 
(forest soil) 
Netherlands soil structure 
Netherlands channels, voids 
Silty 
clay loam 
clayey 
Clay marl 
fine 
clayey 
swelling 
clay 
silt loam Minnesota 
fine sand N. S. W. 
sandy loam Australia 
silt loam. United 
clay loam Kingdom 
sandy silt England 
loam, silty & France 
clay loam 
earthworms, roots, 
cracks 
soil structure 
weak soil structure 
soil structure 
silt loam F.R. Germany earthworms and 
channels 
soils literature 
Determination Method Reference 
breakthrough curves 
seasonal soil moisture 
tension monitoring 
tritium tracer 
staining & sectioning 
(methylene blue dye) 
dye staining and 
sectioning 
variable intensity 
infiltration tests 
time to ponding 
staining & sectioning 
(methylene blue dye) 
staining & sectioning 
(rhodamine B dye) 
staining & sectioning 
(ultramarine blue dye) 
Anderson and Bouma 
(1977a,b) 
Becher and Vogl (1984) 
Blake et al. (1973) 
Bouma and Dekker (1978) 
Bouma et al. (1977) 
Chu et al. (1987) 
Clothier et al. (1981) 
Coles and Trudgill 
(1985) 
Douglas (1986) 
Ehlers (1975) 
Table 2 (continued) 
Soil Type Location Type of Macroporosity 
silt loam Ontario, 
Canada 
"vertical pathways 
in natural soils" 
silt loam Ohio root channels in 
deciduous forest 
silt loam Ohio plant roots, ants, 
soil structure 
sandy loam, Maryland 
loamy sand 
decaying and 
growing plant roots 
silt loam Idaho earthworms 
silt loam, 
silty clay 
loam 
Kentucky soil structure 
clay loam, 
sandy clay, 
loamy sand, 
sand 
N. S. W. 
Australia 
soil structure 
forested soil 
silt loam Iowa soil structure 
earthworms 
silt loam, 
silty clay 
loam 
Kentucky soil aggregates 
Determination Method Reference 
chloride breakthrough 
curve 
probing and transects 
bromide and dye 
movement 
breakthrough curves 
infiltration during 
furrow irrigation 
chloride breakthrough 
curves 
staining & sectioning 
(methylene blue dye) 
tension infiltrometer 
N-15 and H2O-I8 
tracer 
tritium and chloride 
tracers 
Elrick and French 
(1966) 
Gaiser (1952) 
Germann et al. (1984) 
Gish and Jury (1983) 
Kemper et al. (1987) 
McMahon and Thomas 
(1974) 
Moore et al. (1986) 
Priebe and Blackmer 
(1989) 
Quisenberry and 
Phillips (1978) 
Table 2. (continued) 
Soil Type Location Type of Macroporosity Determination Method Reference 
silt loam. Oregon 
8. cl. loam 
clay 
clay loam 
clay 
silt loam, 
silty clay 
loam 
Texas 
soil animal life 
and plant roots 
shrinkage cracks 
Turrialba, soil structure 
Costa Rica 
Pennsylvania channelling from 
irrigation 
sandy loam Australia 
Kentucky 
earthworms, ants, 
nymphs, & crickets 
soil structure 
E. coli as tracer 
in field 
staining & sectioning 
(fluorescein dye) 
solute breakthrough 
curve (tritium) & dye 
staining (rhodamine B) 
pit transects & cores 
staining & sectioning 
(methlene blue powder) 
E. Coli breakthrough 
curve 
Rahe et al. (1978) 
Ritchie et al. (1972) 
Seyfried and Rao (1987) 
Simpson and 
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Smettem and 
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Smith et al. (1985) 
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forested soil 
earthworms, soil 
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tension infiltrometer Watson and Ltuanoore 
(1986) 
nitrate leaching 
profiles 
Wild and Babikèr (1976) 
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1986; Gennann and Beven, 1981a; Smettera and Collis-George, 1985a). An 
extensive review on the impacts of soil piping, a special form of 
macroporosity is given by Jones (1981). 
Soils with macropore flow exhibit a large increase in hydraulic 
conductivity as that soil approaches saturation (Bouma, 1981). In a clay 
soil, hydraulic conductivity increased from 1 cm/day at a matric potential 
of 5 cm tension, to 50 cm/day at saturation (Bouma and DeLaat, 1981). 
Germann and Bevan (1981a) reported 4.3 and 18 fold increases in hydraulic 
conductivity for two undisturbed soil cores which had macropore flow as 
compared to the conductivity of a disturbed column. The largest 
difference in macropore flow came from a topsoil sample with high organic 
matter and earthworms. The sample which showed the lower conductivity 
increase (4.3 fold) was a core taken from the clay subsoil. 
Surface cracks in a glacial till soil increase the infiltration rate 
by conducting rainfall from the surface along the crack faces, in effect 
exposing a larger area of soil peds to infiltration (Lewis, 1977). Dixon 
and Peterson (1971) proposed six scenarios for infiltration by soil 
channels. Their results show that by changing surface roughness and 
whether or not a channel was open to the soil surface allowed infiltration 
to vary by an order of magnitude. Seyfried and Rao (1987) report that 
hydraulic conductivity in a clay loam soil dropped by a factor of from 10 
to 20 when a 2 cm tension was placed on the column. Grisak et al. (1976) 
found that hydraulic conductivity of fractured glacial till, measured in 
the field, was generally one to three orders of magnitude greater than the 
conductivity measured in the laboratory on unfractured samples. 
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Ahuja et al. (1984) shows a log-log relationship between effective 
porosity and saturated hydraulic conductivity. Germann and Bevan (1981b) 
using data from Burger, show a similar log-log relation between macropore 
porosity and infiltration flux density. A large scale measurement of 
infiltration and soil physical properties for 68 representative topsoils 
and subsoils in the U. S. was made by Free et al. (1940). A linear 
regression on the properties of these soils shows that a 6% increase in 
noncapillary porosity in a depth of 40.6 cm would result in an average 
increase in infiltration of 1.5 cm/h. 
The presence of macropores allows infiltrating water to bypass 
portions of soil, resulting in water and solute penetration to greater 
depths than would occur under complete piston flow (Quisenberry and 
Phillips, 1976, 1978; Rice et al. 1986; Beven and Germann, 1982; Smettem 
et al., 1983; White, 1984). Kneale and White (1984) estimated that 10 to 
20% of the rainfall on a British grassland soil during periods when soil 
moisture was at less than the full capacity would bypass the surface 9 cm 
of soil. Thomas et al. (1978) predicted that bypassing by macropores 
could potentially move infiltrating water up to 20 times deeper than 
predicted based on piston flow. 
The concept of downward water movement only at moisture contents of 
field capacity or above does not accurately represent actual water flow 
(Bouma, 1981). When soil peds are bypassed, groundwater recharge can 
occur before all soil layers have reached their maximum water holding 
capacity (Blake et al., 1973; Hoogmoed and Bouma, 1980; Quisenberry and 
Phillips, 1976). Therefore partial displacement of soil solutes occurs at 
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moisture levels less than field capacity. 
Scotter (1978) found channeling could occur in soil pores larger than 
0.2 mm or in soil cracks wider than 0.1 mm. Flow would occur through 
these openings when soil moisture content was close to saturation, at less 
than 15 cm of moisture tension. Saturated soil conditions are not 
required throughout the entire soil mass, but need only be present in the 
region local to the macropore. Quisenberry and Phillips (1976, 1978) and 
Bouma and Dekker (1978) found that it was not even necessary for 
macropores to extend to the surface for preferential flow to occur. 
Kissel et al. (1973) showed this dramatically using fluorescein dye. 
After applying the dye to the plowed surface of a field, leaching took 
place under ponded conditions, The fluorescein dye was leached to the 
bottom of the plowed layer before moving along a fissure into the subsoil. 
Drying and sieving soils destroys the naturally occurring 
macrostructure. Soils, after being dried, sieved, and repacked will 
contain more water than natural soils at low water tensions (Elrick and 
Tanner, 1955). Ritchie et al. (1972) found hydraulic conductivities 
measured for disturbed soils were lower by a factor of 30 than for the 
same soils in an undisturbed condition. 
Kissel et al. (1973) concluded that solute transport was more rapid 
in undisturbed soil columns. Chloride appeared in the effluent after less 
than 0.1 pore volume in an undisturbed column compared to 0.25 pore 
volumes in a disturbed soil column. Similar rapid transport of chloride 
and tritiated water has been found in undisturbed soil columns compared 
with repacked columns of the same soil (McMahon and Thomas, 1974; Elrick 
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and French, 1966). This contrast caused McMahon and Thomas to conclude 
that "... solute movement through undisturbed columns of soil is very 
different from that when disturbed columns are used." Kanchanasut et al. 
(1978) found that when a 47 mm diameter soil slurry was cast around a 
length of 0.3 mm diameter nylon fishing line, after the line was removed 
chloride and phosphate breakthrough curves from the column were similar to 
those obtained from an undisturbed soil sample. 
Consistent with these observations of rapid water and solute movement 
under macropore flow conditions is the conclusion that solutes become more 
widely dispersed under heterogenous conditions than under uniform soil 
conditions (Bresler and Dagen, 1979; Elrick and French, 1966; Scotter, 
1978; Wild and Babiker, 1976). The effect of greater dispersal of soil 
solutes as well as the need for greater volumes of water when leaching 
soil salts due to the effects of preferential flow has been seen in other 
studies comparing the rate of water and solute movement through disturbed 
and undisturbed soils (Cassel et al., 1974; Kirda et al., 1973; Tyler and 
Thomas, 1977; Germann et al., 1984). 
White (1985b) reported that Escherichia coli bacteria move only 
through pores greater than 0.015 mm diameter. Smith et al. (1985) 
investigated the transport of these bacteria through five different soils: 
three silt loams, a silty clay loam, and a sandy loam. They detected 
bacteria almost immediately in the effluent following the start of 
irrigation of the undisturbed core. The bacteria appeared to move almost 
exclusively through the larger pores. Intact cores retained from 21 to 
78% of the E. coli bacteria applied on the surface of the column, while 
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disturbed columns of the same soils with no macropore flow retained at 
least 93% of the bacteria. Similar mobility of an indicator bacteria from 
septic tank effluent in a 60-cm column of aggregated soil is reported by 
Ziebell et al. (1975). Rahe et al. (1978) reported lateral transport 
rates of E. coli bacteria in a subsoil as high as 15 m/h. 
Bouma (1981) points out some considerations associated with field 
variability caused by macropores. Only large undisturbed samples will be 
representative when measuring saturated hydraulic conductivity. Smettem 
and Collis-George (1985c) suggest that the sample area for sectioning 
should be large enough to contain at least 10 biopores of the size range 
of interest. They recommended a sample size of at least a 1000 cm^  area 
to assure a normal distribution of pore sizes. Parkes and Waters (1980) 
concluded that the size of structural units responsible for macroporosity 
were small in relationship to their 80-cm diameter lysimeters. Bouma 
(1980) recommends that sample size should be based on the size of the 
"elementary unit of structure", which for an unstructured soil would be 
the primary particle size. In a structured soil, this elementary unit of 
structure would be a soil aggregate. Bouma (1980) also noted that 
vertical large-pore continuity decreased with depth, indicating that the 
sample length taken in a structured soil is important. Bouma (1980) found 
that the value determined for saturated hydraulic conductivity decreased 
as the sample depth increased. 
The effect of truncated macropores in undisturbed soil columns used 
for breakthrough experiments was noted by Coats and Smith (1964), Ritchie 
et al. (1972), and Smith et al. (1985). Anderson and Bouma (1973) 
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determined from work predicting saturated hydraulic conductivity from 
morphometric data that there is a strong relationship between column 
height and measured hydraulic conductivity. They determined that for a 25 
X 25 cm soil surface area, a 17 cm deep soil column gave the closest 
agreement between measured and calculated hydraulic conductivity. Further 
investigation of optimum column area to column length appears to be 
needed. 
Bouma (1981) reports complications of soil water measurements caused 
by preferential flow. In a clay soil, open bore holes used to indicate 
the location of the water table often resulted in artificially high water 
levels compared to values obtained from tensiometers (Bouma et al., 1980). 
Tensiometers apparently measured the soil matrix potential inside of soil 
peds while the borehole intercepted preferential flow paths between peds. 
Becher and Vogl (1984) found in another clay soil that tensiometers 
responded rapidly to changes in macropore water content. As a result, 
Bouma (1981) warns that porous cup suction sampling devices may or may not 
intercept macropores and as a result may yield inconsistent data on soil 
water chemistry. 
Factors influencing macropore effects 
The actual proportion of functioning macropores appears more closely 
associated with soil structure than soil texture. A comparison of two 
soils (50 - 55% clay) by Bouma and Wôsten (1979) showed that a column of 
coarse subangular blocky structured soil exhibited solute breakthrough 
after a water volume of only 1% of the total soil pore volume had been 
displaced. A second soil with a structure described as angular blocky. 
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showed breakthrough after a water displacement equal to 3% of the total 
pore volume. The first soil showed that 60% of soil water by volume was 
not displaced, while the angular blocky structured soil had only 22% of 
its water content immobile to displacement. Parkes and Waters (1980), 
Tyler and Thomas (1981), Smith et al. (1985), White (1985b) all found 
preferential flow to be influenced by soil structure-
Many soils exhibiting preferential flow by macropores have been 
highly structured due to clay content. High clay content however, is not 
required for preferential flow to occur. Wild and Babiker (1976) found 
preferential flow on a loamy sand, while Coles and Trudgill (1985) 
identified preferential flow paths in a weakly structured silt loam by dye 
staining and drainage response. Kemper et al. (1987) found that 
infiltration rates increased during surface irrigation of a silt loam soil 
due to earthworm activity. 
Horton and Hawkins (1965) studied the effect of textural differences 
on water movement by packing a 150 cm long column with a 1.6-cm diameter 
of 10 to 20 mesh sand at the center of a 5-cm diameter column of sandy 
clay soil. The average pore diameter in the sand was 0.14 mm compared to 
0.02 mm in the sandy clay soil. They showed that unless at least 15 cm of 
water was applied during a three-hour period to the column containing the 
two soils, water would move from the sand into the sandy clay soil before 
reaching the bottom of the column so that no preferential flow occurred 
through the sand. Boswell and Anderson (1964) found that an abrupt 
increase in clay content in a soil layer at 30 cm acted as a barrier to 
nitrate leaching during the growing season by reducing infiltration. 
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Crop canopy plays an often overlooked role on preferential flow, 
whether through macropores or otherwise. Saffigna et al. (1976) reported 
an average of 40% of water applied during an irrigation was intercepted 
and channeled down the stems of potato plants. This channelling had a 
marked effect on rhodamine WT dye penetration directly under the plant 
row. They noted that the percentage of stem flow was less during natural 
rainfall due to lower rainfall intensity and more wind. Kiesselbach 
(1916) reported during a 2.5 cm rain the leaves of a mature corn plant 
captured 3 L of water and directed it down the stem. In a corn field 
planted at a density of 64,000 plants per hectare, this "stem flow" would 
be 77% of the total rainfall volume. Wollny reported from work done in 
the latter half of the last century that 12 to 55% of rainfall was 
intercepted by the leaves and stems of mature corn and soybean plants. 
The exact amount depended on planting density and type of crop (Baver, 
1938). 
Tillage has an obvious effect on soil structures contributing to 
preferential flow. Kanwar et al. (1985) noted the difference in nitrate 
losses between no-till and moldboard plowing. They found after 19 cm of 
simulated rainfall, no-till plots retained nearly one-third more nitrate 
in the top 150 cm than those plots which had been moldboard plowed. The 
increase in nitrate loss under moldboard plowing was suggested to be the 
result of more uniform soil conditions which allowed greater leaching by 
the applied rainfall. 
Another means of reducing flow by macropores is to encourage surface 
crusting. Anderson and Bouma (1977b) compared two different soil 
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structures on five different soil profiles each with a silty clay loam 
texture. Their data show that for a noncrusted condition, soil columns 
with subangular blocky structure had greater preferential flow than did 
profiles having prismatic column structure. Under artificial soil crust 
conditions formed by an equal mixture of gypsum and sand however, the 
breakthrough curves were similar for the two soil structures and no 
preferential flow was seen. Anderson and Bouma noted that using a crust 
to reduce dispersion on soils with small peds was more effective than 
controlling water application rates to the surface. 
Compaction also reduces preferential flow by macropores. Moore et 
al. (1986) found that the greater the surface of a forest soil was 
disturbed by logging, the more macropores were destroyed and the lower the 
hydraulic conductivity. The identical effect was noted for an 
agricultural soil after compaction by wheel traffic during tillage (Ankeny 
et al. 1988a). 
The effect of preferential flow increases with increasing rainfall 
and rainfall intensity, or as soil moisture increases. For an air dried 
and sieved soil, Keller and Alfaro (1966) found that a lower intensity 
rainfall was more effective at leaching chloride. Bouma and Dekker 
(1978), using dye to study infiltration in dry cracked soil (^  «= -1.5 
MPa), found downward flow in cracks occurred only when the infiltration 
rate into peds at the soil surface was less than the water application 
rate. Similar evidence of preferential flow occurring when matrix 
infiltration rate was exceeded was found by Elrick and French (1966), 
Kneale and White (1984), and Trudgill et al. (1983a, b). Chu et al. 
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(1987) found that the infiltration rate measured by a drip forming 
rainfall simulator, increased from 13.5 mm/h to 28.7 mm/h when rainfall 
intensity increased from 25 to 127 mm/h. The maximum possible ped 
infiltration rate for this soil was calculated to be 11.4 mm/h. The 
additional infiltration was attributed to macropores. 
Coles and Trudgill (1985) examined the influence of rainfall 
Intensity and antecedent moisture conditions on the volume of soil 
drainage, tracer dilution, and depth of tracer penetration in a field of 
weakly structured silt loam and clay loam textured soils. At a volumetric 
water content less than 0.29 (\& < -200 KPa) they found no effect of 
preferential flow regardless of the intensity of water application between 
1.25 and 26 mm/h. As soil moisture increased however, effects of 
preferential flow were evident and Increased with rainfall intensity. At 
a volumetric water content greater than 0.46 (laboratory determined field 
capacity), even the lowest rainfall Intensity produced a rapid soil water 
discharge response. Nitrate and chloride in soil drainage water were 
diluted by surface water. Between volumetric contents of 0.29 and 0.46, a 
preferential flow effect was seen whenever rainfall intensity exceeded 2.5 
mm/h. Coles and Trudgill (1985) also noted a correlation between maximum 
recovery depth of nitrate and chloride tracers applied at the soil surface 
and rainfall intensities between 2.5 and 5.5 mm/h. Maximum recovery depth 
was determined by taking 1 cm^  samples in a soil layer and comparing them 
with the bulk concentration of chloride and nitrate determined from a 50-
g composite sample taken from across a 19-cm-diameter core. This 
technique underestimated maximum penetration depths as the tracer was 
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recovered in soil drainage at 100 cm at the base of the soil profile. 
Preferential flow or short circuiting, as described by Bouma et al. 
(1981), was observed to occur at lower moisture potentials - -1 MPa) in 
a heavy clay soil (55% clay) than in the lighter soils reported by Coles 
and Trudgill (1985). Outflow from 20-cm diameter deep soil cores occurred 
under rainfall intensities of 18.6 and 22.8 mm/h which lasted for 45 min. 
A lesser outflow response was noted from two different structures in a 
light clay soil (26% clay) at higher moisture conditions. Structure 
appeared to have a greater effect on preferential flow than did moisture 
content. Bouma et al. (1981) noted that the amount of solute "short 
circuiting" was less from the soil column taken from the ridge of a potato 
row (6 - 0.35, ^  - -25 KPa) than from a column taken in the furrow (g -
0.20, ^  - -250 KPa) of the same potato field. The occurrence of short 
circuiting during rainfall, in both soils occurred below the laboratory-
determined, maximum equilibrium water holding capacity, 
Bhadoria et al, (1978) found that for their repacked column of 
surface soil, chloride displacement was greater starting with an initial 
moisture content at a tension of 5 bars than at a tension of 1 bar. This 
effect was most pronounced for a surface ponded condition, but also was 
seen with drip irrigation. 
Bouma and Dekker (1978) found that for a highly structured clay soil, 
increasing either the application rate or the volume of water containing 
dye, increased both the number of stained flow pathways observed and the 
depth of dye penetration. Dye penetration patterns were similar whether 5 
mm of dye solution was applied at a rate of 50 mm/h or a 40 mm depth was 
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applied at 8 nun/h. 
In addition to the previously described influences of water movement, 
solute movement by preferential flow is greatly influenced by the location 
of solute in the soil matrix. Steenhuis and Muck (1988) surmise that 
chloride and nitrate were lost more readily when they were present in the 
soil solution occupying the macropore volume than when present in the 
micropore solution. Balasubramanian et al. (1973) compared the timing of 
flood irrigation after fertilizer solution application on nitrate leaching 
for a highly aggregated soil. They found leaching was greatly reduced 
when the applied nitrate solution was first allowed to equilibrate with 
soil aggregates for one week before flooding. This allowed the nitrate 
solution time to enter the aggregate micropores where it was less 
susceptible to leaching. Smettem et al. (1983) reported a flush of 
nitrate to a drainage channel after fertilizer was applied to the surface 
before a rain. They suggest that lower nitrate concentrations in drainage 
following subsequent rainfalls was due to nitrate relocation in soil peds. 
Shuford et al. (1977) offered a similar explanation to explain the lower 
than expected movement of nitrate in a Pennsylvania silt loam soil 
following 27 cm of rain or 17.8 cm of irrigation. 
The effect of the wetting rate of a clay soil on hydraulic 
conductivity was investigated by Leeds-Harrison and Shipway (1984). They 
found that a column of 30% clay soil wetted for 21 days had a 
significantly lower hydraulic conductivity compared to a second column 
that had been wetted for only one hour. 
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An important consideration in solute transport is the ratio of 
macropore flow to matrix flow and the interaction between the two 
transport mechanisms (White, 1984). A modeling concept that partitions 
solute movement into two flow mechanisms is offered by Skopp and Warrick 
(1974) and Parker and van Genuchten (1984). These models will be 
discussed later in this review. 
Summary of Macropore Effects 
In summary, macropores are significant in soil and water movement by 
functioning to: 
1) Increase water and solute flux through soils. 
2) Reduce solute concentration peaks and disperse solutes more 
widely than where there is no preferential flow. 
3) Accelerate solute breakthrough under field conditions over that 
occurring in a disturbed column. The influence of macropores is negated 
when experiments are done in a laboratory using dried, sieved, and 
repacked soil columns. 
4) Increase the variability of field data unless sampling of field 
parameters is done on a scale that includes macropore effects. 
Preferential flow through macropores is : 
1) Greatly influenced by the nature of soil structures, and to a 
lesser extent by soil texture. 
2) Decreased by surface crusting and compaction. 
3) Increased by increasing rainfall intensity, amount of rainfall, 
and antecedent moisture conditions. 
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The significance of macropores on solute transport is affected by: 
1) The location of solute in a soil in relation to preferential flow 
paths. 
2) The ratio of hydraulic conductivity between macropore flow and 
matrix flow. 
3) The relative proportion of macropore flow and matrix flow. 
4) The amount of mixing that occurs between matrix and macropore 
solutions. 
Nonuniform flow velocities in a field or column make any flow concept 
based on an average hydraulic conductivity invalid (Seven and Germann, 
1982). It is not surprising then that the more successful modeling of 
water and solute transport has occurred for either disturbed laboratory 
columns of soil or for natural soils which have minimal structure (Rubin 
et al. 1964; Smith, 1972; and Nielsen and Biggar, 1961, 1962). 
Methods for Measuring Macropores and Preferential Flow 
Table 2 lists a variety of studies in which different methods were 
used by investigators to study preferential flow. A widely used method 
for identifying macropore flow consists of allowing a dye to infiltrate a 
soil column until the effluent concentration of the dye is equal to the 
dye concentration applied. The soil column is then sectioned and the 
cross section observed for the presence of dye in soil pores (Bouma et al. 
1977; Bouma and Dekker, 1978; Coles and Trudgill, 1985; Douglas, 1986; 
Ehlers, 1975; Moore et al., 1986; Ritchie et al., 1972; and Smettem and 
Collis-George, 1985c). The most common dyes used for staining are 
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methylene blue, pyradine, and the fluorescent dyes; fluorescein and 
rhodamine B. Wilkins et al. (1977) used a somewhat different technique by 
first impregnating an undisturbed soil core with fluorescent polyester 
resin and letting it set before sectioning and photographing under 
ultraviolet light. They then used a flying spot particle analyzer on the 
photographs to measure pore sizes greater than 0.02 mm. Results from dye 
staining are difficult to convert directly into preferential flow rates. 
Bouma et al. (1979), Anderson and Bouma (1973), and Bouma and Dekker 
(1981) however, demonstrated that reasonable results could be obtained 
applying the capillary equation to the pore sizes obtained from dye 
staining. 
Warner and Nieber (1988) used medical technology to identify pore 
structures larger than 1 mm without sectioning using computer tomography. 
Walker and Trudgill (1983) compared image analysis made of soil pore 
geometry with solute breakthrough curves. They found that a two-
dimensional image was difficult to correlate with a three- dimensional 
image pore system. Mackie (1987) demonstrated a method of constructing 
three dimensional diagrams of interconnected soil pores using photographs 
from a series of sections. Less direct methods for measuring preferential 
flow include tracer breakthrough curves in soil columns, tracer 
displacement in a soil profile, point soil moisture measurements, and the 
use of a tension infiltrometer. 
Anion and isotope tracers have been used in the field and in 
laboratory columns to follow preferential flow in undisturbed soils 
(Anderson and Bouma, 1977a, b; Blake et al., 1973; Elrick and French, 
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1966; Gish and Jury, 1983; McMahon and Thomas, 1974; Priebe and Blackmer, 
1989; Quisenberry and Phillips, 1978; and Seyfried and Rao, 1987). 
Parameters for preferential flow models have been obtained from 
undisturbed soil breakthrough curves by curve fitting (Parker and van 
Genuchten, 1984) or calculated by displacement (McMahon and Thomas, 1974). 
The concentration of a solute in the soil profile after an infiltration 
event has also been used to evaluate preferential flow (Balasubramanian et 
al., 1973; Quisenberry and Phillips, 1976, 1978). 
Appelt et al. (1975) discusses the influence of anion exclusion and 
chloride movement in soil columns. Quisenberry and Phillips (1976) noted 
that soil water interaction was underestimated by 13% when calculated 
using chloride displacement as compared to that calculated from tritiated 
water. McMahon and Thomas (1974) found that in two out of the three soils 
they studied, a chloride solution applied to a saturated soil column 
appeared in the column effluent before tritiated water applied at the same 
time. The third soil where the tritiated water appeared first had a lower 
cation exchange capacity and showed some anion exchange properties. 
The use of point soil moisture measurements has also been used to 
identify the effects of preferential flow. Lewis (1977) took gravimetric 
soil samples at 17 point locations after exposing a vertical soil face to 
look at the effect of soil cracks on soil moisture distribution after a 9-
cm rainfall. Becher and Vogl (1984) attributed the rapid changes in soil 
moisture tension observed in three sets of eight mercury tensiometers 
installed between 25 cm and 160 cm was likely the result of preferential 
flow through soil cracks. Three additional methods which could 
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potentially be used to study preferential flow effects by measuring local 
soil moisture and spatial variations in soil moisture are resistance 
measurements, soil matric potential sensors, and time domain reflectometry 
(TDR) (Phene et al., 1981; Rhoades et al., 1981; and Topp and Davis, 
1985). 
An indirect means of determining the preferential flow potential of a 
soil is to look at the pore size distribution. Klinkenberg (1957) used 
the breakthrough curve of a displacing solution in a saturated soil column 
to estimate pore size distribution. Pore size distributions have also 
been determined from a soil moisture release curve (Gary and Hayden, 
1973). The size of pores releasing water at a particular soil tension is 
related to the capillary rise equation (Equation 11). 
Lawrence (1977) expressed concern that pore size distribution in a 
fine textured soil determined from a "moisture content / suction 
desorption isotherm" is not the same as that present in the original soil 
due to volume changes that arise in clays during wetting and drying. 
Nagpal et al. (1972) found that values of pore sizes measured by mercury 
intrusion porosimetry and pressure plates were similar for soils that did 
not change volume with changing moisture content. The differences between 
the two methods increased as clay content increased. 
Lawrence (1977) reviewed the advantages and limitations of several 
methods for determining pore size distribution including: freeze drying, 
nonpolar desorption, mercury intrusion porosimetry, thin sectioning, and 
scanning electron microscopy. All of the methods assessed by Lawrence 
require laboratory analysis of an "undisturbed" soil sample taken in the 
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field. The need for a field method for determining soil pore size 
distribution has led investigators to develop a means of measuring 
infiltration under tension. Hillel and Gardner (1970) developed theory 
for determining unsaturated hydraulic conductivity by measuring 
infiltration through a layer of low conductivity material at the soil 
surface. 
Bouwer (1966) designed an infiltration device for measuring soil air-
entry value and saturated hydraulic conductivity by measuring maximum 
water tension on a vacuum gage. Topp and Binns (1976) modified the Bouwer 
design for an air-entry permeameter by adding a tensiometer to track the 
position of the wetting front. Their device also determined the air-entry 
value and saturated hydraulic conductivity. Topp and Zebchuk (1985) 
further modified the permeameter to allow it to measure infiltration rate 
at a negative head of 5 cm, which would exclude pores with an effective 
diameter greater than 0.6 mm (calculated from Eq. 12). They reported 
their inflltrometer was easier to use than the air-entry permeameter that 
it replaced. 
Watson and Luxmoore (1986) determined macroporosity in a forest soil 
by measuring infiltration at 3, 6, and 15 cm tension using the tension 
inflltrometer described by Clothier and White (1981) with some 
improvements later described by Perroux and White (1988), Moore et al. 
(1986) measured Infiltration in the laboratory at 1, 2, 4, 6, 8, and 9 cm 
tension to determine size distribution of macropores. Recently, 
additional refinements have been added to the basic tension inflltrometer 
design (Perroux and White, 1988; Ankeny et al., 1988b). 
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Convection-Dispersion Model for Solute Transport 
Analytical and numerical solutions for the convection-dispersion 
equation have been developed for a variety of boundary conditions. The 
equation has been widely used to model solute movement through a saturated 
media under uniform flow conditions (Anderson, 1984; Bear, 1972; Brenner, 
1962; Danckwerts, 1953; Freeze and Cherry, 1979; Nielsen and Biggar, 1962; 
Ogata and Banks, 1961; Parker, 1984; van Genuchten and Wierenga, 1986; and 
Wierenga, 1977). For one-dimensional steady state flow this differential 
equation becomes: 
ac _ D a5c _ V aç (13) 
at ax^ ax 
where: C - flux averaged solute concentration C(x,t) (M L"^ ) 
D - apparent diffusion coefficient (L^  t"^ ) 
V - average pore water velocity (L t*^ ) 
X - distance from where solute is introduced (L) 
t - time after solution is applied to a column (t) 
Pore water velocity (V) used in Equation 13 is also described as the 
linear velocity. It is calculated as: 
V - q / e (14) 
where: q - specific discharge or Darcy velocity from 
Equation 1 (L t"^ ) 
e - porosity of the media 
Equation 13 was derived from steady state flow conditions and the 
continuity equation. It assumes no interaction between solute and soil 
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particles (Chu and Sposito, 1980; van Genuchten and Wierenga, 1986). The 
equation is a combination of three solute transport mechanisms: 
convection (V flC/3x), molecular diffusion, and mechanical dispersion 
(D a^ C/ax^ ). The apparent diffusion coefficient (D) is frequently assumed 
to be a linear combination of molecular diffusion and mechanical 
dispersion (Bear, 1972; Gillham and Cherry, 1982; Hillel, 1980; Kirda et 
al. 1973; and van Genuchten and Wierenga, 1986). 
D - Do 0 a + fi V" (15) 
(molecular + (mechanical 
diffusion) dispersion) 
where: Do - molecular diffusion in pure water (L^  t'^ ) 
9 - water filled pore space: adaption for unsaturated 
flow (L^  L'S) 
a - complexity factor (dimensionless) 
fi - empirical coefficient (L) 
n - empirical coeff. between 1 and 2 (dimensionless) 
V - pore water velocity (L t"^ ) 
The molecular diffusion of a solute in soil is less than the bulk 
diffusion for that chemical in pure water. The complexity factor (a) 
includes the effects of tortuosity, clay surface interactions, pore size 
distributions, viscosity, and concentration, which reduce the influence of 
molecular diffusion (Hillel, 1980). Mechanical dispersion, which is 
mixing caused by variations in pore size and the velocity distribution 
profile, is shown by Fassioura and Rose (1971) to be related to aggregate 
size. 
39 
Mechanical dispersion dominates the apparent diffusion coefficient 
except at low pore water velocities (Bear, 1972 p. 607; Kirda et al. 
1973). Rose (1977) breaks down solute transport through soil columns into 
five regimes, based on the Peclet number, the ratio between convection 
effects and dispersion: 
P - V L / D (16) 
Where: P - Peclet number (dimensionless) 
V - pore water velocity (L t"^ ) 
L - column length (L) 
D - apparent diffusivity coefficient (L^  t"^ ) 
The relative importance of the convection term increases with increasing 
Peclet number. Convection dominates when the Peclet number is greater 
than 5. 
Rifai et al. (1956) (cited in Kirda et al,, 1973) suggested 0.015 
cm/min as the pore water velocity below which molecular diffusion becomes 
significant, Todd and Kemper (1972) found evidence that apparent 
diffusion coefficients were independent of pore water velocity below 0.01 
cm/min. Kirda et al. (1973) noted the apparent diffusion coefficient was 
two orders of magnitude greater than the molecular diffusion coefficient 
when pore water velocity was 0.1 cm/min. 
Equation 15 is seldom used in practice. The apparent diffusion 
coefficient (D) is generally determined from empirical equations, by curve 
fitting, or estimated (Bresler and Dagan, 1982; De Smedt and Wierenga, 
1978; Gillham and Cherry, 1982; Wierenga, 1977). van Genuchten and 
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Wierenga (1986) review a number of methods for fitting a value for D to 
breakthrough curve data. Fried (1975) presents several approaches used 
for determining diffusion coefficients on a field scale. 
Transport of adsorbed solutes 
Modeling solute movement when there is interaction between solute and 
media, requires modification of Equation 13. Equation 17 includes a term 
to account for adsorption of a solute onto the solid media (Biggar and 
Nielsen, 1963; Lapidus and Amundson, 1952). 
where: D, C, x, t, and V are as defined in Equation 13 
S - solute adsorbed per unit mass of soil (M M"^ ) 
fy - soil bulk density (M L"^ ) 
€ - porosity of media (L^  L"^ ) 
Additional terms can be added when there is production or degradation of a 
chemical in the soil. 
Equilibrium adsorption of a solute onto soil particles is usually 
represented by the Freundlich isotherm (Freundlich, 1926): 
S - Kp C Vn (18) 
where: S as defined for Eq. 14 
Kp - partitioning coefficient (concentration of adsorbed 
chemical on soil / concentration of chemical in solution) 
C - concentration of solute in solution at equilibrium (M L'^ ) 
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1/n - dimenslonless coefficient (usually less than or equal to 
one) 
The coefficient 1/n is equal to 1 when adsorption is linear with respect 
to concentration. This appears to be a reasonable assumption at low 
concentrations (Karickoff et al., 1979; Cherry, 1984). 
Equation 17 can be simplified to Equation 19 when adsorption takes 
place under equilibrium and linear adsorption conditions (Parker and van 
Genuchten, 1984; van Genuchten and Alves, 1982). 
The retardation coefficient is defined as (Parker and van Genuchten, 
1984; van Genuchten and Wierenga, 1986): 
When there is no interaction between solute and soil media, the 
partitioning coefficient (Kp) is equal to 0 and the retardation 
coefficient (R) equals 1. 
Lapidus and Amundson (1952) present solutions to Equation 17 for 
either equilibrium or nonequilibrium adsorption conditions. The 
combination of an equilibrium and kinetic model were found to give a 
(19) 
where: C, t, D, x are as defined in Eq. 13 
R - retardation coefficient (dimensionless) 
R - 1 + (p|j.Kp)/5 (20) 
where : py - bulk density of soil (M L"^ ) 
Kp - partitioning coefficient (Eq. 18) 
6 - volumetric moisture content (L^  L"^ ) 
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better fit to experimental column data than either model gave separately 
(Cameron and Klute, 1977). A range of rate coefficients were used in a 
nonequilibrium model by Leistra and Dekkers (1976). They compared results 
from a nonequilibrium adsorption and desorption model with results 
obtained from an equilibrium model. At high water fluxes, they found the 
use of first-order adsorption-desorption rate constants resulted in slower 
pesticide leaching, but increased the spread of a pesticide with depth in 
a soil. Nonequilibrium adsorption has been recognized as being 
potentially important for predicting cation transport in soils with cation 
exchange (Reardon, 1981). Rao and Jessup (1983) proposed a nonequilibrium 
index indicating the degree of equilibrium reached during adsorption. 
Several nonequilibrium models have been used with the convective-
dispersive equation to describe movement of cations and organic compounds 
(Lindstrom et al., 1971; Nkedi-Kizza et al., 1982; Crittenden et al. 1986; 
Hutzler et al., 1986; Roberts et al., 1987; Bouchard et al., 1988; and van 
Genuchten et al., 1974). 
Solute movement under unsteadv flow conditions 
Equations 13 and 17 are derived from steady-state flow conditions. 
For unsaturated conditions or nonsteady state water flow, transport of 
non-interacting solutes are described in one dimension by (Warrick et al., 
1971); 
d(ÛC) _ d(ffD-dC) _ d(VC) (21) 
3t dx flx flx 
Where: C, D, t, V, x, and 0 are as defined in Eq. 13 and 15 
Solutions to Equation 21 have relied on numerical methods or 
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simplifying assumptions. Work by Vachaud and Thony (1971) suggest 
hysteresis effects on the hydraulic and soil moisture relationship 
resulting from wetting and drying can be ignored. De Smedt and Wierenga 
(1978) used an approximate analytical solution to solve Equation 21 for a 
steady-state water flux but nonuniform water content. They found their 
results agreed with an analytical solution for solute movement in soils 
having uniform water content. Bresler and Hanks (1969), Jury et al. 
(1976), Kirda et al. (1973), and Warrick et al. (1971) developed numerical 
solutions to the convection-dispersion equation for unsaturated nonsteady 
flow conditions. The model of Bresler and Hanks makes the simplifying 
assumption of ignoring the diffusion term. Jury et al. (1976) solves the 
equation using constant moisture contents for individual layers. Warrick 
et al. (1971) assumed a constant value for velocity and diffusion 
coefficient. They found that fitting their model to field data required a 
diffusion coefficient 10 to 100 times larger than the value of molecular 
diffusion alone. 
The complexities of modeling solute transport with nonsteady flow are 
pointed out by Pickens et al. (1979), who utilized a finite element 
solution to calculate unsteady solute flow to one tile line. Their 
technique using 735 nodes and 1360 elements took 20 minutes of computer 
execution time to simulate 24 hours of drainage time. Using a coarser 
grid gave similar flow results, but resulted in large mass balance errors 
in solute transport. 
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Limitations on using the convection-dispersion equation 
Although the convection-dispersion approach is well suited for 
laboratory columns, the use of a single average soil pore velocity or 
dispersion value to represent what is actually a range of velocities, 
causes difficulties in a field situation (Green et al,, 1986; Horton and 
Wierenga, 1986; and Wagenet, 1986). Gish and Jury (1982) found that plant 
roots lowered the fraction of wetted pore space compared to when no plants 
were present. With plant roots present, pore velocities calculated from 
the local water flux divided by the local water content underpredicted 
velocity and over estimated solute travel time. As a soil becomes 
increasingly unsaturated, larger flow paths are progressively eliminated, 
and the proportion of soil water not readily mobile increases (Biggar and 
Nielsen, 1967). Nielsen and Biggar (1962) suggest that the greater the 
range in velocity distribution, the less accurately Eq. 17 represents the 
actual physical process. They point out that because of the relationship 
given in Eq. 15, the apparent diffusion coefficient is dependent on the 
value used for the average velocity. 
Pickens and Grisak (1981) and Molz et al. (1986) determined from 
studies of saturated flow that effective dispersion is scale dependent. 
Molz et al. (1986) conclude that "... combining local mixing and 
differential advection with a single dispersion term is not reasonable 
physically or possible mathematically." They point out that field scale 
models frequently use D as a fitted parameter. This results in a value 
generally several orders of magnitude larger that those determined in a 
laboratory column. 
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An additional concern for describing solute transport by the 
convection equation is raised by Horton and Wierenga (1986). They point 
out that solutions based on differential equations must be differential 
functions. For many soils, water and solutes move irregularly in 
discontinuous steps. The greatest obstacle however, to extrapolating a 
convection-dispersion model to a field site is that a single-valued 
parameter cannot be used to describe field heterogeneities (Parker and van 
Genuchten, 1984; Wagenet, 1986). 
Modeling Chemical Movement in Heterogenous Soils 
This final section is an attempt to give the reader an overview of 
some of the approaches that have been made to modeling solute transport in 
nonuniform soils. Not all of these modeling concepts specifically deal 
with the phenomena of preferential flow; however, they all address in some 
manner the variability of water or solute movement in a soil, either 
locally or on a field scale. 
Mobile-immobile soil water models 
Numerous models have been developed using the concept of a two-
region or multiple-region model. This approach is a variation of the 
convection-dispersion equation that seeks to account for the variability 
in pore water velocity on an scale intermediate between a column and a 
field (Addiscott, 1977; Crittenden et al., 1986; De Smedt and Wierenga, 
1979; Parker and van Genuchten, 1984; Rasmuson, 1986; Roberts et al., 
1987; Seyfried and Rao, 1987; Skopp and Warrick, 1974; and van Genuchten 
and Dalton, 1986). A mobile-immobile model divides water and solute flow 
in the soil into two or more flow regions (van Genuchten and Dalton, 
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1986). For a two-region model, water moving in the larger pores and 
between aggregates is considered mobile water. Water held close to soil 
particles or inside soil aggregates is considered immobile water. Water 
infiltrating through the soil displaces only the mobile fraction of the 
soil solution (Addiscott, 1977). Solutes transfer between the mobile and 
immobile regions by diffusion. The two-region model is identical 
mathematically to that of a two-site kinetic adsorption model when 
apparent nonequilibrium conditions are attributed instead to large 
variations in pore water velocities (Parker and van Genuchten, 1984). 
The differential equations describing this mobile-immobile model for 
a constant water flux and equilibrium adsorption are given by van 
Genuchten and Wierenga (1976): 
aCm + Cim ^im + ^^b ^ m + (1-^)'% - "m » al&m _ Vm ^m <22) 
at 3t at at ax 
The model must also satisfy Eq. 23 which governs solute transfer between 
the immobile and mobile regions based on diffusion limiting conditions 
(Skopp and Warrick, 1974; van Genuchten and Wierenga, 1976). 
Cim acim/at + (i.f),b asi^ /at - . (c* - c^ )^ (23) 
where for both Eq. 22 and 23: 
- volumetric water content of mobile water (L^  L"^ ) 
9im - volumetric water content of immobile water (L^  L"^ ) 
Cjjj - solute concentration of mobile water (M L"^ ) 
- solute concentration of immobile water (M L"^ ) 
- adsorption in mobile region (M chemical soil) 
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- adsorption in immobile region (M chemical M"^  soil) 
Vjjj - pore velocity of mobile water (L t"^ ) 
D - effective diffusion coefficient (L^  t"^ ) 
X - distance in direction of transport (L) 
a - mass transfer coefficient (t"^ ) 
f - fraction of adsorption sites in mobile region 
fy - soil bulk density (M L"^ ) 
As mass transfer between the mobile and immobile regions (a) become 
large, solutions to Eq. 22 and 23 approach those for Eq. 17 (Skopp et al., 
1981). Experimental evidence shows the value of a is not a constant. Rao 
et al. (1980) found a dependent on particle size radius, time of 
diffusion, volumetric water content inside and outside of the immobile 
region, and molecular diffusion, van Genuchten and Dalton (1986) and Rao 
et al. (1982) investigated some of the effects of aggregate geometry on 
solute diffusion. Rasmuson (1986) discusses additional aspects of mass 
transfer with aggregated or fractured media. 
The use of two regions is rather arbitrary. Additional regions can 
be added to the mobile-immobile model beyond two. Seyfried and Rao (1987) 
cite Morisawa et al. (1986) as having evaluated a three-region model, 
consisting of immobile, moderately mobile, and rapidly mobile regions. A 
two-region model has been applied to field situations by Addiscott (1977) 
and adapted to stochastic input by Addiscott et al. (1986). 
Parameters for the mobile-immobile model, especially the proportion 
of mobile and immobile pores, are determined primarily by curve fitting 
(Pandey and Gupta, 1984; Parker and van Genuchten, 1984; Rao et al.. 
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1979). This requirement for calibration data is a limitation on where the 
model can be used. 
Capillary bundle 
A method of directly modeling movement of water and solutes through 
soils or in an aquifer based on pore size distribution is the capillary 
bundle approach. Rao et al. (1976) used the soil water characteristic 
curve (moisture content vs. capillary potential) to develop the pore-size 
distribution of a soil. The distribution of pore sizes was discretized 
and the velocity for the mean of each pore size segment was determined by 
Equation 2. A diffusion coefficient was calculated as a function of pore 
velocity; 
Dj - (Do + $ Vj) (24) 
where: Dj. - apparent diffusion coefficient for the jth pore 
size increment (L^ t"^ ) 
DQ - molecular diffusion in bulk solution (L^ t'^ ) 
$ - empirical constant (L) 
Vj - pore water velocity (Lt"^ ) 
r - Tortuosity (dimensionless) 
The relative concentration in the outflow from a column was then 
computed to be: 
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c/c. -
jli ''3 "i 
where: C/Cg - relative outflow solution concentration 
Aj - fraction of pore space occupied by the jth 
pore size increment, 
Vj - pore velocity of jth pore size increment (Lt"^ ) 
n - total number of pore size increments 
Cj/Cg - relative effluent concentration for jth pore 
size increment calculated from the convection-
dispersion equation 
When Rao et al. (1976) applied their model to chloride breakthrough 
curve data for two aggregated soils, they found that using an average 
velocity distribution and apparent diffusion coefficient gave a better fit 
to the data than their capillary bundle model. The model predicted faster 
breakthrough than was observed. The authors suggested that the 
discrepancy could be due to the sensitivity of the method to errors in the 
measurement of pore size distribution. 
Steenhuis et al. (1988) proposed a related numerical model based on 
piecewise linearization of the soil moisture content versus hydraulic 
conductivity relation. Instead of the incremental pore sizes, and 
capillary tube velocities used by the capillary bundle model of Rao et al. 
(1976), Steenhuis et al. (1988) divide their pore groups into moisture 
content increments. The average of each moisture content increment 
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corresponds to a hydraulic conductivity twice that of the previous pore 
group. The modeling of nonadsorbed solutes is achieved by a bookkeeping 
procedure where the distance a solute is moved is tracked for each pore 
group during progressive time steps as a function of the hydraulic 
conductivity. 
A slightly different concept of a stream tube model was used by Ross 
and Koplick (1979) to predict transport of nuclear waste materials in 
groundwater. Their model is based on the concept that "... flow through 
porous media consists of a series of interconnected one-dimensional 
pipes." These pipes do not have to be straight, but are assumed to have 
steady state, one dimensional flow. The approach is based on a solution 
of the convection-dispersion equation for equilibrium absorption 
conditions within each stream tube. The solution is written in terras of 
Green's function: 
( 2 6 )  
where: C(x,t) - solute concentration at time t and distance x in 
a stream tube. 
X - distance along stream tube (L) 
t - time from start of simulation (t) 
T - time solute pulse entered stream tube (t) 
V - average velocity in stream tube (L t"^ ) 
R - retardation coeff. defined previously by Eq. 20 
q - volumetric flow rate per unit area (L t"^ ) 
S(T) - rate solute pulse entered stream tube at time T 
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G(x,t-T) - Green's function at distance x and time t-T 
This equation is then solved numerically at discrete time steps. 
Combined-flow models 
Combined-flow models have features of both capillary bundle and 
mobile-immobile models. Although combined-flow models are mathematically 
more complicated than the other two model types, they offer the 
possibility of obtaining input parameters from physical measurements, 
rather than by curve fitting (van Genuchten et al., 1984). The 
deterministic combined-flow model recognizes two flow conditions under 
which water and solute transport occurs and includes their interaction 
(Germann and Seven, 1981a). The first flow condition consists of water 
moving predominantly under gravitation influence. This type of flow 
generally occurs in fractures or macropores at soil moisture tensions 
lower than around 3 cm. This corresponds to flow in pores larger than 1 
mm diameter (see Table 2). The second flow type is made up of flow 
arising from capillary forces. Seven and Germann (1981) discuss the 
mathematics of modeling water flow through individual soil cracks and 
pores. Scotter (1978) developed a model at a microscopic level that he 
used to simulate chloride and phosphate movement through an individual 
pore (Eq. 2) or fracture in a 6.5-mm diameter column. His model included 
the effect of diffusion into the surrounding matrix. Edwards et al. 
(1979) developed a similar microscopic model using a numerical solution of 
the Richards equation in polar coordinates to simulate the effect of a 
macropore on infiltration. 
A series of analytical solutions for contaminant transport in 
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fractured media are presented by Sudicky and Frind (1982). They develop 
solutions both with and without diffusion into the soil matrix, van 
Genuchten et al. (1984) provide a similar series of analytical solutions 
to describe solute transport resulting from both capillary and 
gravitational flows. 
Several combined-flow models have been developed to simulate just 
water movement in heavy clay soils (Hoogmoed and Bouma, 1980; Pachepsky 
and Zborischuk, 1984; Jarvis and Leeds-Harrison, 1987a). Input parameters 
for the model of Jarvis and Leeds-Harrison (1987b) were determined by 
measurements made on excavated soil blocks after infiltration with water 
containing dye. Mean crack spacing and total ped area per unit soil 
volume were determined in this manner. Parameters for the models of 
Hoogmoed and"Bouma (1980) and Pachepsky and Zborischuk (1984) were also 
obtained by field measurements. A review of groundwater flow hydraulics 
through fractured formations is given by Streltsova (1976). 
Several field scale combined flow models have been developed for 
solute transport in fractured media using finite elements (Grisak and 
Pickens, 1980; Huyakom et al., 1983). The model of Grisak and Pickens 
(1980) has been applied to solute transport in saturated glacial till 
(Grisak et al., 1980). In the simulation fractures were approximated by a 
representative fracture size. Effective fracture spacing was determined 
by calibration to breakthrough data. 
Yeh and Luxmoore (1982) have developed a finite-element model to 
handle chemical and water movement by combined-flow under saturated 
conditions. The model is designed to handle input of specific macropore 
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conditions or a statistical average macroporosity. 
Kinematic wave model 
The kinematic wave model is a combined-flow model of infiltration but 
does not predict solute transport (Germann, 1983). The technique, also 
used for overland and channel flow routing, was earlier applied to model 
water flow in a snow pack (Colbeck, 1972; Colbeck, 1976). The initial 
work by Colbeck (1972) made the assumption that capillary flow of water 
could be ignored during gravity drainage. Smith (1983) attempted to apply 
the kinematic wave method to unsaturated flow conditions described by the 
Richards equation. Other workers have used the method to simulate 
infiltration into a theoretical soil column containing a macropore and to 
describe infiltration in the field (Beven and Germann, 1981; Germann et 
al., 1986). The kinematic wave model has also been applied to subsurface 
flow through a forest soil and to the transport of E_^  coli bacteria 
through four soils (Germann et al., 1986; Germann et al., 1987). 
The kinematic wave model approach is a solution to the mass balance 
equation (Germann and Beven, 1986): 
3q/3t + c d q / d z  - c r w - 0 (27) 
where: q - volume flux density of flow through a macropore (L t"^ ) 
c - downward velocity in the macropore (L t"^ ) 
r - matrix sorption (t"^) 
w - macropore moisture content (L^ L"^ ) 
The solution under a unit hydraulic gradient, assuming q is only a 
function of water content is: 
f: — % T.T^  q - b w' (28 )  
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where: b - macropore conductance (L t'^) 
a - dlmensionless coefficient 
Germann et al. (1986) reported that values for (a) ranged between 2.0 and 
3.0. 
The kinematic wave velocity is given by (Germann and Beven, 1986): 
c - dq/dw - a b /^* (29) 
A constant input of water at the surface for a fixed time interval 
results in three stages of water movement (Beven and Germann, 1981; 
Germann and Beven, 1986). The first stage occurs during the time water is 
applied at the surface. A steady water content builds up behind the 
wetting front, which moves at the velocity: 
Cw - q / w* (30) 
where : w^  - moisture content at the wetting front (L^  L'^ ) 
The second stage is a recessional wave occurring after surface application 
stops. The final stage consists of the attenuation of the front by 
capillary flow. 
One interesting feature of the model is that it provides a 
theoretical maximum depth (z*) to which water movement can occur by 
macropores (Germann and Beven, 1986): 
z* - b^/* a (r (a-1)) (31) 
where: a, b, r are as previously defined in Eq. 29 and 30 
qg - volume flux density entering macropores at the soil 
surface (L t"^) 
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Applications for the kinematic wave approach are still evolving, but 
the method appears to have potential in some applications. Similar to 
other models, determining the values for the required modeling parameters 
has been achieved largely through curve fitting, requiring the use of 
calibration data (Germann and Seven, 1985; Germann and Beven, 1986). 
Stochastic models 
One approach to modeling field heterogeneities is to treat input to a 
deterministic model as stochastic variables. Soil and water parameters in 
a field vary at random, therefore solute concentration in the soil profile 
can be defined in statistical terms (Nielsen et al., 1973). Van De Pol et 
al. (1977) showed that values of pore velocity and apparent diffusivity 
were log normally distributed. As a consequence, they note that 
determining solute flux by the product of an average soil water 
concentration and an average pore velocity resulted in substantial errors. 
McBride (1985) used as input to a convection-dispersion model, 
values of the upper and lower 10% confidence limit and the mean of the 
pore velocity to estimate the distribution variability of chloride 
concentrations in the soil profile. Ammozegar-Fard et al. (1982) used 
Monte Carlo simulation to generate individual values of pore velocity and 
apparent diffusion after previously determined their log normal 
distribution parameters. The resulting 2000 paired values were used as 
input to an analytical solution to Equation 13. The results were compiled 
into probability curves for solute concentration profiles in the soil. 
They found that variability of pore water velocity was more important to 
solute distribution than any variability caused by the apparent 
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diffusivity. 
Stochastic models can be used to predict the uncertainty of water 
transport and solute distribution in a field system, but require an 
accurate understanding of the spatial variability of the soil and water 
parameters in the field (Wagenet, 1986). 
Transfer function model 
A less mechanistic, but more direct stochastic approach is the 
transfer function model. This probabilistic approach treats input and 
output as probability functions. Theoretical development of the model is 
described in Jury (1975), Jury (1982a), Dagan and Bresler (1979), and 
Bresler and Dagan (1981). The model assumes piston flow and that the 
distribution of a nonadsorbed solute in the soil is due to variability in 
pore water velocities. Under a uniform infiltration rate (Jury, 1982a): 
o 
(32) 
where: C^(I) - average concentration of solute at a soil 
depth of L after an infiltration volume of I (M L'^ ) 
C^j^(I-I') - average concentration of solute (flow average) at a 
depth L after a discharge volume of I' (M L"^ ) 
f]^(I' ) - probability of surface applied solute pulse reaching a 
depth L between drainage volume of I' and I'+ dl' 
I' - accumulated discharge volume through a soil below some 
depth L (L^) 
I - accumulated infiltration volume at surface (L^) 
The difficulty with using the transfer function method is in 
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determining the probability density function f^ CI'). Jury (1982a) derived 
the density function in terms of accumulated infiltration. Jury et al. 
(1982) measured the concentration of bromide at 30 cm in series of 16 
weighing lysimeters as a function of infiltration volume. White et al. 
(1984) developed a density function in terms of cumulative drainage using 
a normal distribution for the natural log of drainage volume. Their 
expression for effluent concentration at the same depth for which the 
density function was calibrated is: 
C/CQ - 1/2 (1 + erf((In d - u) / (72 a)) (33) 
where: C/Cg - relative concentration in outflow 
d - accumulated drainage volume (L^ ) 
u, (7 - fitted parameters (dimensionless) 
The fitted parameters u and a were obtained by pairing volumes of drainage 
(d) and outflow concentration (C) from the lysimeter data. 
Dagan and Bresler (1979) and Bresler and Dagan (1982) developed 
transfer functions relating soil water content and soil solute 
concentration. Their results indicate that the average concentration 
profile differs completely from that predicted using average values for V 
and D with Equation 13. Transfer function models have been used with 
reasonable success to describe leaching of chloride, bromide, tritiated 
water, and nitrate (White et al., 1984; Bresler and Dagan, 1979; Gish, 
1987; Jennings and Martin, 1988; and Jury et al., 1982). A solute 
transport model has been applied to estimate the salt balance under 
irrigation (Jury, 1982b). White (1985b) found velocity distributions 
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determined from calibrations with chloride breakthrough curves could be 
used to aid determination of parameters for coli bacteria movement. 
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SECTION I. 
ADSORPTION CHARACTERISTICS OF RHODAMINE WT IN A NICOLLET LOAM SOIL 
A variety of fluorescent dyes have been used for tracing the movement 
of surface water, groundwater, and water in soils (Jones, 1984; Omoti and 
Wild, 1979a,b; Reynolds, 1966; Smettem and Trudgill, 1983; Trudgill, 1987; 
Trudgill et al., 1983a,b). An excellent review of the physical properties 
of eight fluorescent dyes (amino G acid, photine CU, fluorescein, 
lissamine FF, pyranine, rhodamine B, rhodamine WT, and sulpho rhodamine B 
is contained in a paper by Smart and Laidlaw (1977). 
A property of fluorescent dyes is that they fluoresce at a 
characteristic light wavelength when excited by a second, shorter 
wavelength. Fluorescent dyes can be detected and their concentrations 
measured using a filter fluorometer (Smart and Laidlaw, 1977 and Wright 
and Collings, 1964). A filter fluorometer works by passing light from an 
ultraviolet mercury lamp source through a primary filter which allows only 
the desired excitation wavelength to enter a solution containing the 
unknown dye concentration. The fluorescence from the sample is then 
passed through a secondary filter, to remove all wavelengths except for 
the bandwidth characteristic of the dye of interest. The light then is 
detected by a photocell. For dilute dye solutions, the amount of 
fluorescence detected is a linear function of dye concentration. 
An important consideration in selecting a dye for water tracing or 
interpreting dye trace results is the amount of dye adsorbed onto soil and 
subsoil materials (Finkner and Gilley, 1986; Smart and Laidlaw, 1977; 
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Bencala et al., 1983). Dye adsorption can seriously restrict or even 
eliminate the use of a particular dye as a tracer for some applications 
(Smettem and Trudgill, 1983). In situations where it is desired to 
evaluate the movement of an organic compound with adsorptive properties, 
the identification of a dye or dyes with adsorption characteristics 
similar to the chemical of interest could be valuable by serving as a 
marker or surrogate to enable a reduction in the analytical costs of 
research studies. The cost of analysis for rhodamine WT in a water sample 
is less than $1.00 (personal communication, E. C. Alexander, University of 
Minnesota, Department of Geophysics Analytical Services Lab; January, 
1989). The principal cost beside the fluoroscope purchase is the bottles 
in which samples are taken. 
Rhodamine WT is an anionic fluorescent dye, specifically developed 
for water tracing (Smart and Laidlaw, 1977). Some physical and chemical 
properties for rhodamine WT are given in Table 1. Several factors known 
to influence the adsorption of rhodamine WT including organic matter, dye 
concentration, and pH are discussed in Finkner and Gilley, 1986; Smart and 
Laidlaw, 1977 and Trudgill, 1987. 
Adsorption of organic compounds onto soil particles is generally 
modeled with the Freundlich isotherm (Freundlich, 1926; Helling and 
Dragun, 1981; and McCall et al. 1981): 
Cg - Kp 0*1/" (1) 
where : 
Cg - Mass of chemical adsorbed fuel 
Mass of soil (g) 
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Table 1. Some physical and chemical properties of Rhodamine WT 
Generic name 
Dye type^ 
Molecular weight^  
Compositional Formula^  
Octanol/Water Partitioning Coefficient 
Toxicity (rat LD50 oral)^  
Excitation wavelength (maximum adsorption)^  
Emission wavelength (maximum)^ 
Acid Red 388 
xanthene 
567 g/mole 
0.047 
>25.0 g/Kg 
555 nm 
580 nm 
^Smart (1984). 
Smart and Laidlaw (1977) 
Table 2. values for some representative pesticides (from Jury 
et al., 1987) 
Chemical (ml/g) Chemical (ml/g) 
Dicamba 2 Atrazine 160 
2,4-D 20 Cyanazine 168 
Metribuzin 24 Metolachlor 181 
Carbofuran 28 EPTC 280 
Aldicarb 36 Propachlor 420 
Fonofos 68 Phorate 660 
Bromacil 72 Linuron 863 
2.4,5-T 80 Chlorpyrifos 6070 
Diazinon 85 Trifluralin 7300 
Ethoprophos 120 Chloradane 38,000 
Alachlor 120 DDT 240,000 
Simazine 140 
62 
Cg - Mass of chemical in solution (ug") 
Volume of water (ml) 
Kp - Partitioning Coefficient (ml/g) 
1/n - constant (generally from 0.6 to 1,2) 
for nonlinear adsorption 
The larger the partitioning coefficient (Kp), the greater the mass of 
chemical that can be adsorbed onto a soil. Kp is highly soil specific, 
influenced to a great extent by soil organic carbon (Bohn et al., 1985 p. 
199). An attempt to make the value of Kp less soil specific is to define 
an organic carbon partitioning coefficient or sorption coefficient, K^^. 
Kgg is related to Kp: 
Kp - (fraction of organic carbon) • K^  ^ (2) 
Table 2 contains K^^  values for some representative pesticides (Jury et 
al., 1987). 
Pionke and DeAngelis (1980), discuss specific surface (SS) as a 
refinement to organic carbon alone as a predictor of adsorption properties 
in an individual soil. The specific surface (SS) value for a soil 
includes the adsorption effects of soil particles in addition to organic 
carbon. The values for specific surface used by Pionke and DeAngelis 
(1980) are defined by a regression equation of organic matter and particle 
size fractions (Equation 3). It can be used to define a specific surface 
sorption coefficient similar to the K^  ^value defined in Equation 2. 
SS - 100(%0rganic Carbon) + 2(%Clay) + 0.4(%Silt) + 0.005(%Sand) (3) 
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Kp - Kgg (SS) (4) 
Equation 4 as given by Pionke and DeAngelis (1980) to calculate specific 
surface is such that is four orders of magnitude larger than Kgg. 
Values for have been related to the octanol-water partitioning 
coefficient (K^ )^ by several linear regression equations: 
log Kgg - 0.99'log - 0.34 (Bohn et al., 1985) (5) 
log Kgg - 1.00.log - 0.21 (Karickhoff et al., 1979) (6) 
log KQÇ, - 0.72«log + 0.49 (Schwazenbach and Westall, 1981) (7) 
Applying Equations 5, 6, and 7 to the value for rhodamine WT 
contained in Table 1 results in predicted values for of 0.022, 0.029, 
and 0.342 ml/g. Research results during water tracing studies however, 
report much higher adsorption coefficient values (K^ ) for rhodamine WT. 
Trudgill et al. (1983b) report a value of 850 ml/g for an aggregated 
soil, the resulting value was estimated to be 35400 ml/g. Bencala et 
al. (1983) gives a Kp value for rhodamine WT in alluvial sediments of 5.6 
ml/g, but does not report the organic percentage. Sabatini (1989) 
reported a range for of 1400 to 3700 ml/g for rhodamine WT batch 
equilibrium tests with a sand and gravel aquifer material. He also found 
the Kp value for rhodamine WT was 15 times that of the herbicide atrazine 
and 4.8 times that of alachlor. 
The objective of this paper is evaluate some of the factors which 
influence the adsorption of rhodamine WT on a Nicollet loam, an important 
agricultural soil in north central Iowa and southern Minnesota (Fenton et 
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al., 1971). It is hoped that information from this study will be used in 
evaluating fluorescent dyes for use as markers or surrogates in research 
studies on pesticide mobility. 
Materials and Methods 
A series of batch equilibrium tests were made with soil taken from 
the A and B horizon of a Nicollet loam soil profile to determine values 
for Kp and for rhodamine WT. Batch equilibrium tests followed as 
nearly as possible the general EPA guidelines for pesticide mobility 
studies (Environmental Protection Agency, 1982). The field site where 
soil samples were taken was located at field 5 of the Agronomy/ 
Agricultural Engineering Research Center located 13 km west of Ames, Iowa. 
The field was the site of a tracer experiment which included rhodamine WT 
as described in Everts et al. (1988). 
Topsoil for the batch equilibrium tests was taken from the surface 0 
to 8 cm. Subsoil used in the tests was a composite sample taken from the 
top of the B horizon where there was a change in soil color at a depth of 
50 to 60 cm. In addition, artificial mixtures of sand and bentonite clay 
were used to extend the range of clay and organic carbon levels found in 
the two soil horizons. Table 3 gives a partial listing of the Nicollet 
loam soil properties used in the adsorption tests. 
Soil used in the equilibrium batch tests was prepared first by oven 
drying at 105°C for 24 hours, crushed to destroy soil aggregates, and then 
passed through a 2 mm sieve. All batch tests were made using a 1:2 ratio 
of soil to dye solution. After weighing out 50 gm soil in a 250 ml flask. 
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100 ml of dye solution was added, the flask was sealed and the mixture 
placed on a shaker table for 3 hours. Two replicates for each test were 
run along with a blank. After shaking, the mixture of soil and dye were 
allowed to settle before filtering through 4 /im filter paper. If the 
filtrate was cloudy as was frequently the case for many low ionic strength 
solutions, the filtrate was centrifuged to remove the nonfiltered 
particles. Dye concentrations were determined with a Turner I Designs 
fluorometer which had a minimum detection limit for rhodamine WT of 1.0 
/ig/L. Reference standards were prepared by successive dilutions of a 
purchased 20% stock solution of rhodamine WT. 
Table 3. A partial listing of Nicollet loam soil properties used in the 
batch equilibrium studies 
Parameter Topsoil (0-8 cm) Subsoil (50-60 cm) 
pH (soil;water 2:1)* 5.1 to 5.9 6.4 
Sand^  47 47% 
Silt^  30 28% 
Clayb 23 25% 
Organic Carbon* 1.92% 0.95% 
Specific Surface 250 157. 
Cation Exchange Capacity^  — 20 to 25 meq/100 g — 
D^etermined from a subsample of soil used in batch tests by Soil 
Testing Lab, Iowa State University 
A^verage taken from previous work done at field site reported by 
Kanwar et al. (1985) 
P^ersonal communication Dr. T. E. Fenton, Professor of Agronomy, 
Iowa State University 
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Tests were made on the time required for rhodamine WT to reach 
equilibrium with the Nicollet loam topsoil. The results were used to 
establish the contact time for all further tests. Additional adsorption 
batch tests were conducted on the influence of organic matter, clay 
content, background solution strength, and rhodamine WT concentration. 
Results 
Batch equilibrium tests 
Smart and Laidlaw (1977) noted the effect of lowering solution pH on 
the fluorescence of rhodamine WT. Their data show a rapid reduction in 
fluorescence as pH drops below 7.0. A titration of a NaOH solution of dye 
with HCl resulted in a fluorescence loss of 70% when the pH dropped from 
7.0 to 5.0. A check for pH effect on dye fluorescence was done by 
titrating a dye solution of 540 fig/h at an initial pH of 9.0 with 0.2 N 
HCl. Figure 1 shows that for this dye solution, pH has a much lesser 
impact than found by Smart and Laidlaw (1977). This may be due to a 
higher background ionic strength (0.035 N) dye solution than the solution 
reported by Smart and Laidlaw (1977). The dye solution titrated was 
almost the same composition as that used in the tracer solution experiment 
described in Everts et al. (1988), containing bromide, nitrate, calcium, 
potassium, and lithium, in addition to the rhodamine WT. 
Figure 2 presents the results of batch tests made to determine 
adsorption kinetics. The time required for rhodamine WT to reach an 
adsorption equilibrium with the topsoil (1,92% organic carbon) was 
determined. Fifty grams of soil were mixed with 100 ml of 550 pg/L dye 
Titration with HCI 
pH units 
Figure 1. pH effect on rhodamine WT fluorescence 
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Figure 2. Kinetics of rhodamine WT adsorption, soil organic carbon 1.9%, initial dye 
concentration 590 pg/L 
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solution (0.036 M ionic strength). The solution equilibrium concentration 
was found to be stable for any contact time longer than 10 minutes. An 
arbitrary shaking time of 3 hours was used in all subsequent batch tests. 
This equilibrium time is similar to that observed for the herbicides: 
atrazine, ametryne, diuron, and picloram (Davidson and Chang, 1972; Green 
and Corey, 1971; Hance, 1967; Yamane and Green, 1972). 
Table 4 gives the values for an artificial mix of sand and 
bentonite clay. The initial dye concentration for the three mixtures was 
550 /ig/L (solution ionic strength 0.036 M) . 
Table 4. Effect of clay content on adsorption of rhodamine WT 
Mixture 
ÏE 
SS 
Sand 0.11 1.94 0.057 
Sand + 5% clay 1.9 11.9 0.160 
Sand + 10% clay 2.4 21.8 0.110 
This same solution was used to obtain equilibrium batch test results 
for a range of soil materials. The correlation between Kp and organic 
carbon and specific surface is shown in Figure 3. The higher values are 
from the Nicollet loam soil and the lower values were from sand mixtures. 
The two lines in the figure represent the best fit regression through the 
origin on Kp for organic carbon and specific surface. The regression 
equations for the data from Figure 3 are summarized in Table 5. 
Increasing solution concentration has been reported to increase the 
adsorption of the herbicides: atrazine, 2,4-D, and picloram (Helling, 
80 
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Figure 3. Effect of organic carbon and specific surface on partitioning coefficient 
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1971 and Farmer and Aochi, 1974), A set of batch tests with both topsoil 
and subsoil samples were performed to determine the effect of solution 
ionic strength on adsorption of rhodamine WT. Initial concentration of 
rhodamine WT was 780 pg/L for all equilibrium batch tests. Solution 
strength was varied using potassium bromide in concentrations from 
0.000125 to 0.1 Molar, 
Table 5, Regression equations for organic carbon and specific surface 
(15 points) 
Influence Equation 
Organic Carbon Kp — 3078 (fraction organic carbon) 0,874 
Specific Surface - 0,2276 (specific surface) 0,899 
Increasing background solution strength resulted in increased 
rhodamine WT adsorption. Figure 4 is a log-log plot of Kp versus 
background solution normality for two soil samples. The plot shows some 
nonlinearity, possibly due to an interaction with solution concentration 
and fluorescence reported by Smart and Laidlaw (1977). Their data show a 
reduction in rhodamine WT fluorescence from 97 to 92% when the background 
concentration of sodium chloride was raised from 0.1 molar to 0.5 molar. 
They also cite an earlier study which showed effects at even lower sodium 
and potassium chloride concentrations. No attempt was made to compensate 
for fluorescence loss due background ions. 
The curves in Figure 4 for topsoil and subsoil remain roughly the 
same distance apart at all solution concentrations. This would suggest 
that there is not much of an interaction between soil and solution 
-4.00 —3.60 -3.20 
N3 
T 1 1 1 1 1 1 1 r 
—2.80 —2.40 —2.00 —1.60 —1.20 
Log Normality of KBr co—Ions 
Figure 4. Effect of KBr co-ion strength on rhodamine WT adsorption. Initial dye 
concentration 780 pg/L 
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concentration. Regressions of solute strength on for the data from the 
two soils (Figure 4) is given in Table 6. Multiplier coefficients for the 
combined flow regressions represent and Kgg values of rhodamine WT at 
a 1 Molar ionic strength background solution. 
Table 6. Background solution ionic strength and rhodamine WT adsorption: 
Initial rhodamine WT concentration 780 pg/L 
Number of 
Soil Points 
Organic Specific 
Carbon Surface Best fit eauation 
Topsoil 9 1.92% 238 207.0 (Molarity)O 182 0.95 
Subsoil 9 0.95% 157 90.61 (Molarity)0'193 0.96 
Combined 18 ... ... K p - 10280(fraction OC)* 
(Molarity)O'lG/ 
0.88 
Combined 18 - - - ... K p - 0.7245(SS)(Molarity)0 187 0.77 
Batch equilibrium tests were also run to determine the linearity of 
rhodamine WT adsorption at various concentrations. Concentration effects 
were determined on topsoil and subsoil samples for a range of rhodamine WT 
concentrations with a background solution ionic strength of 0.035 M 
potassium bromide. A third isotherm was developed using topsoil and a 
solution containing dye with no added potassium bromide. A linear plot of 
the three batch tests is shown in Figure 5. The results seem to indicate 
that rhodamine WT adsorption can be reasonably approximated by a linear 
Freundlich isotherm, at least for equilibrium concentrations between 58 
/ig/L and 1130 /ig/L. A log-log plot for the three batch tests is given in 
Figure 6. It can be seen that concentration effects can be as important 
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solution strength 
76 
as the organic carbon/specific surface influence. Results of both linear 
and nonlinear regressions are presented in Table 7. Variables in the 
regression equations are as defined in the Freundlich isotherm (Eq. 1). 
From the empirical relationships developed for organic carbon/ 
specific surface and solution ionic strength, it appears that rhodamine WT 
adsorption at the concentrations and in the soils described here, can be 
described in an equation of the form: 
Cg - K . 187 . Cg (8) 
or in a nonlinear form: 
Cg - K . . Cg® (9) 
where: K is a coefficient equal to (fraction O.C.) or Kgg(SS) (ml/g) 
M is the ionic strength of the background solution 
All data points were lumped together for a series of regressions to 
determine the parameters for Equations 8 and 9. A log-log plot of the 
predicted adsorption for a linear and nonlinear isotherm and the 
experimentally calculated values can be seen in Figures 7 and 8. Results 
of the overall regression appear in Table 8. The nonlinear isotherm 
provides a better fit of the data at low equilibrium concentrations while 
the linear regression form better fits the data at higher equilibrium 
concentrations. It is apparent that there is wide scatter in the data 
points. Several of the outliers are from the artificial mixtures of sand 
and clay. With the removal of the artificial sand mixtures, the 
correlation improves considerably although the scatter persists (Figures 9 
and 10). A summary of the overall regression equations for rhodamine WT 
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Table 7. Freundlich isotherm parameters for rhodamine WT at a constant 
background solution strength 
Soil # points Solution Strength Regression Equation R 
Linear : 
1.92% Organic C 10 5x10"^ M = 11.9 0.996 
1.92% Organic C 10 0.035 M Cg => 75.4 0.998 
0.95% Organic C 12 0.035 M Cg = 28.6 0.997 
NonLinear: 
1.92% Organic C 10 5x10"^ M = 2.06 0^0-784 o.980 
1.92% Organic C 10 0.035 M Cg = 118 0^ 1 0.994 
0.95% Organic C 12 0.035 M = 28.6 0.995 
Table 8. Rhodamine WT adsorption regression summary 
All 88 data points: 
Eauation r2 
Linear Cs = 7549 (OC) Cg 0.437 
Cs = 0.3050 (SS) 0.664 
Nonlinear Cs - 4957 (OC) Cg 951 0.785 
Cs - 0.0582 (SS) Cg'795 0.880 
Nicollet Loam Soil only (78 data points): 
Linear Cs = 4722 (OC) Cg 0.928 
Cs = 0.3345 (SS) 0.950 
Nonlinear Cs = 1069 (OC) ^0-187 Cg 821 0.904 
Cs = 0.0669 (SS) MO 187 C^  808 0.905 
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adsorption is contained in Table 8. The data for the equilibrium batch 
tests on Nicollet soil samples used in the derivation of the equations in 
Table 8 are presented in Table 9, 
Column breakthrough results 
In addition to the batch equilibrium tests described, a column 
breakthrough test of a solution containing rhodamine WT was performed on a 
sample of sieved and repacked topsoil from the same area of the field 
sampling site. Details on the column experiment are contained in Table 
10. The column breakthrough experiment was not run to completion, however 
after 45 pore volumes the outflow concentration had reached 46% of the 
inflow of concentration (Figure 11). 
The retardation factor (R) in the soil column is related to Kp and 
the soil bulk density (py) and porosity ($) of the column: 
R - 1 + Kp py^ /e (10) 
The best fit of a retardation factor in a convection-dispersion model with 
the data estimates that complete breakthrough of a rhodamine WT solution 
would have required nearly 200 pore volumes. The best fitting retardation 
factor was 41, the equivalent of a Kp value of 14.6 and a K^  ^value of 
661. This corresponds to a higher value of 42 ml/g for Kp (K^  ^- 1900) 
obtained from a batch test. 
Applying the regression for the linear model of Nicollet loam soil in 
Table 8 the to the soil column soil gives an expected Kp of 56. This 
would mean a retardation factor of 150, much higher than the value of 41 
that appears to fit the data. The discrepancy between batch K^  and column 
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Table 9. Rhodamlne WT equilibrium adsorption batch tests on a Nicollet 
loam soil 
Sol. Ionic Fraction Spec. Initial Equil. Soil RWT 
Strength Org. C. Surf. RWT conc Conc. Adsorp. Kp 
(molarity) (SS) (mg/L) (mg/ml) (mg/g soil) (ml/g) 
0.00005 0.0192 250 7.99 1.13E-03 1.37E-02 12.14 
0.00005 0.0192 250 7.99 1.15E-03 1.37E-02 11.90 
0.00005 0.0192 250 1.0 1.90E-04 1.62E-03 8.53 
0.00005 0.0192 250 1.0 1.90E-04 1.62E-03 8.53 
0.00005 0.0192 250 0.53 5.80E-05 9.44E-04 16.28 
0.00005 0.0192 250 0.53 5.40E-05 9.52E-04 17.63 
0.00005 0.0192 250 0.1 6.00E-06 1.88E-04 31.33 
0.00005 0.0192 250 0.1 6.00E-06 1.88E-04 31.33 
0.00005 0.0192 250 0.053 3.00E-06 l.OOE-04 33.33 
0.00005 0.0192 250 0.053 3.00E-06 l.OOE-04 33.33 
0. 035 0.0192 250 5.0 1.30E-04 9.74E-03 74.92 
0. 035 0.0192 250 5.0 1.30E-04 9.74E-03 74.92 
0. ,035 0.0192 250 1.0 2.20E-05 1.96E-03 88.91 
0. ,035 0.0192 250 1.0 2.20E-05 1.96E-03 88.91 
0. ,035 0.0192 250 0.5 l.lOE-05 9.78E-04 88.91 
• 0, ,035 0.0192 250 0.5 l.OOE-05 9.80E-04 98.00 
0, .035 0.0192 250 0.1 3.00E-06 1.94E-04 64.67 
0, .035 0.0192 250 0.1 3.00E-06 1.94E-04 64.67 
0, .035 0.0192 250 0.05 1.40E-06 9.72E-05 69.43 
0, .035 0.0192 250 0.05 1.40E-06 9.72E-05 69.43 
0, .035 0.0095 144 10 6.60E-04 1.87E-02 28.30 
0, .035 0.0095 144 10 6.65E-04 1.87E-02 28.08 
0, .035 0.0095 144 6.0 3.80E-04 1.12E-02 29.58 
0, .035 0.0095 144 6.0 3.90E-04 1.12E-02 28.77 
0, .035 0.0095 144 2.0 1.16E-04 3.77E-03 32.48 
0, .035 0.0095 144 2.0 1.13E-04 3.77E-03 33.40 
0, .035 0.0095 144 1.0 4.80E-05 1.90E-03 39.67 
0, .035 0.0095 144 1.0 4.80E-05 1.90E-03 39.67 
0, .035 0.0095 144 0.4 1.33E-05 7.73E-04 58.15 
0, .035 0.0095 144 0.4 1.26E-05 7.75E-04 61.49 
0, ,035 0.0095 144 0.1 3.60E-06 1.93E-04 53.56 
0, ,035 0.0095 144 0.1 3.90E-06 1.92E-04 49.28 
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Table 9 (continued). 
Sol. Ionic Fraction Spec. Initial Equil. Soil RWT 
Strength Org. C. Surf. RWT conc Conc. Adsorp. Kp 
(molarity) (SS) (mg/L) (mg/ml) (mg/g soil) (mlfg) 
0.027 0.0192 250 0.907 9.40E-05 1.63E-03 17.30 
0.036 0.0192 250 0.907 9.40E-05 1.63E-03 17.30 
0.018 0.0192 250 0.54 2.90E-05 1.02E-03 35.24 
0.018 0.0192 250 0.54 2.80E-05 1.02E-03 36.57 
0.0072 0.0192 250 0.23 8.00E-06 4.44E-04 55.50 
0.0072 0.0192 250 0.23 7.00E-06 4.46E-04 63.71 
0.0036 0.0192 250 0.11 4.00E-06 2.12E-04 53.00 
0.0036 0.0192 250 0.11 3.80E-06 2.12E-04 55.89 
0.0018 0.0192 250 0.06 2.90E-06 1.14E-04 39.38 
0.0018 0.0192 250 0.06 2.40E-06 1.15E-04 48.00 
0.00072 0.0192 250 0.025 6.00E-07 4.88E-05 81.33 
0.036 0.0095 144 0.9 1.57E-04 1.49E-03 9.46 
0.036 0.0095 144 0.9 1.57E-04 1.49E-03 9.46 
0.018 0.0095 144 0.533 5.90E-05 9.48E-04 16.07 
0.018 0.0095 144 0.533 6.10E-05 9.44E-04 15.48 
0.0072 0.0095 144 0.237 1.70E-05 4.40E-04 25.88 
0.0072 0.0095 144 0.237 1.70E-05 4.40E-04 25.88 
0.0036 0.0095 144 0.11 9.00E-06 2.02E-04 22.44 
0.0036 0.0095 144 0.11 8.00E-06 2.04E-04 25.50 
0.0018 0.0095 144 0.06 3.00E-06 1.14E-04 38.00 
0.0018 0.0095 144 0.06 3.00E-06 1.14E-04 38.00 
0.00072 0.0095 144 0.027 l.OOE-06 5.20E-05 52.00 
0.1 0.0192 250 0.784 1.06E-05 1.55E-03 145.92 
0.05 0.0192 250 0.784 1.22E.05 1.54E-03 126.52 
0.02 0.0192 250 0.784 1.48E-05 1.54E-03 103.95 
0.01 0.0192 250 0.784 1.73E-05 1.53E-03 88.64 
0.005 0.0192 250 0.784 2.08E-05 1.53E-03 73.38 
0.002 0.0192 250 0.784 2.57E-05 1.52E-03 59.01 
0.001 0.0192 250 0.784 2.78E-05 1.51E-03 54.40 
0.0005 0.0192 250 0.784 2.95E-05 1.51E-03 51.15 
0.000125 0.0192 250 0.784 3.13E-05 1.51E-03 48.10 
0.1 0.0095 144 0.784 2.50E-05 1.52E-03 60.72 
0.05 0.0095 144 0.784 2.90E-05 1.51E-03 52.07 
0.02 0.0095 144 0.784 3.30E-05 1.50E-03 45.52 
0.01 0.0095 144 0.784 4.00E-05 1.49E-03 37.20 
0.005 0.0095 144 0.784 4.90E-05 1.47E-03 30.00 
0.002 0,0095 144 0.784 5.80E-05 1.45E-03 25.03 
0.001 0.0095 144 0.784 6.60E-05 1.44E-03 21.76 
0.0005 0.0095 144 0.784 7.00E-05 1.43E-03 20.40 
0.000125 0.0095 144 0.784 7.60E-05 1.42E-03 18.63 
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Kp suggests that a simple convection-dispersion model may not adequately 
describe transport of rhodamine WT in a disturbed soil Several authors 
have suggested that nonequilibrium models are more appropriate in 
describing the movement of organic compounds in a nonuniform media 
(Hutzler et al., 1986; Leistra and Dekkers, 1976; Cameron and Klute, 
1977). 
Table 10. Column parameters from rhodamine WT breakthrough curve 
Column dimensions 0.186 m high x 0.135 m diameter 
Hydraulic conductivity 5.2 X lO'G m/s 
Volumetric water content 0.497 
Column pore velocity 9.6 X 10"5 m/s 
Hydraulic gradient 9.3 m/m 
Bulk density 1.33 Mg/m^  
Residence time for 
one pore volume 
32.5 min 
Organic Carbon 2.21% 
Specific Surface 281 
Dispersion Coefficient 
(from Bromide curve) 
0.034 cm^ /s 
Trudgill (1987) reported that rhodamine WT caused a reduction in 
hydraulic conductivity due to its effects on soil structure. His data 
show a 50% reduction in infiltration with a dye concentration of 50 /ig/L 
in a 70% clay soil. No attempt was made in this study to compare 
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Figure 11. Column breakthrough curve for rhodamine WT 
87 
hydraulic conductivity changes in a column without dye. It was" noted 
however, in this column, hydraulic conductivity decreased only 30% in 
spite of a rhodamine WT concentration of 865 pg/L which was 17 times 
higher than the concentration reported by Trudgill. 
Conclusions 
The Kgg value for rhodamine WT is much higher than is predicted from 
empirical equations based on the octanol/water partitioning coefficient. 
Equilibrium batch tests on rhodamine WT indicate that it is more strongly 
adsorbed than many commonly used pesticides listed in Table 2. 
The greatest single influence on equilibrium rhodamine WT adsorption 
are the physical soil properties related to organic carbon or specific 
surface. For the Nicollet loam soils used in these batch equilibrium 
tests, specific surface offers a slight advantage over organic carbon 
alone (Table 8). This advantage was most noticeable at the low organic 
carbon levels of the artificial sand and clay mixtures (Figure 3). Next 
to soil properties, the ionic strength of the solution containing dye was 
most important in determining rhodamine WT adsorption. Rhodamine 
adsorption onto Nicollet soils increased as a factor of (ionic strength 
M)0.187 (Table 6). This equation however appears to overcorrect at 
solution concentrations less than around 0.001 M (Figure 4). 
Equilibrium adsorption for rhodamine WT occurred after 10 minutes of 
contact on a shaker table. The retardation factor calculated in the 
column breakthrough experiment shown in Figure 11 however, suggests that 
adsorption taking place in the column most likely did not occur under 
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equilibrium conditions. 
Individual values without correcting for solution strength ranged 
from 450 to 7600 ml/g. Adjusted to a background strength of 1 Molar, 
these MKQJ, values ranged from 1620 to 15470 ml/g with an average of 4722 
ml/g. This range in values suggests there may have been 
inconsistencies in the experimental procedure or that there are additional 
factors influencing adsorption. The effect of pH on adsorption was not 
investigated. The greatest source of experimental variability may have 
come from fluorimeter measurements of rhodamine WT concentrations of less 
than 10 Mg/L- Below this level, small errors in the dial readings would 
have resulted in significant errors in the adsorption values calculated. 
The data presented here indicates that rhodamine WT is more strongly 
adsorbed than most pesticides. This characteristic would make it a 
potentially useful marker or substitute for pesticides in short term 
studies. Further work directly comparing rhodamine WT and other 
fluorescent dyes with pesticides in batch and column studies such as that 
done by Sabatini (1989) would greatly increase the usefulness of dyes in 
pesticide experiments. 
Additional information that is needed on the behavior of rhodamine WT 
and other dyes in soils which would increase their value as markers or 
surrogates in pesticide studies includes the effect of soil pH on 
adsorption and the degradation properties of these dyes in the soil 
environment. 
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SECTION II. 
COMPARISON OF TRACER MOBILITIES UNDER LABORATORY 
AND FIELD CONDITIONS 
Groundwater monitoring and sampling programs in Iowa and other states 
have resulted in an increasing awareness of nitrate levels and the 
presence of pesticides in groundwater resulting from agricultural 
practices (Fairchild, 1987; Hallberg et al., 1985; Kelley, 1985; NWWA, 
1988). The development of management strategies fotf protecting 
groundwater quality in agricultural areas requires understanding the 
mechanisms involved in solute movement. One mechanism receiving 
widespread attention has been that of preferential movement of solutes 
through soil structures. Preferential flow paths for water movement, 
including flow through macropores, have been widely found in structured 
soils (Bouma et al., 1977; Douglas, 1986; Germann and Seven, 1981a; Smith 
et al., 1985; White, 1985a). Preferential flow of solutes in an Iowa 
soils have been observed by McBride (1985) and Priebe and Blackmer (1989). 
A consequence of preferential flow is that solute movement bypasses 
portions of the bulk soil. This allows a surface-applied chemical to move 
faster and farther in the soil profile than would be expected under piston 
flow (Thomas and Phillips, 1979; Quisenberry and Phillips 1978; Smettem et 
al., 1983; White, 1984). Rice et al. (1986) concluded from their bromide 
tracer study, that predicting downward movement of a solute in the field 
using a water-balance or piston-flow model overestimated the time for a 
chemical to reach groundwater. Preferential flow and the accompanying 
potential for nonequilibrium adsorption of an adsorbed solute would 
90 
suggest that the most significant preferential flow effect may be on the 
movement of chemicals that are adsorbed by soils. Gish et al. (1986), 
found from their field study that atrazine transport was underpredicted 
when a field-measured retardation factor was used with a stochastic model. 
A variety of tracers have been used to study surface and groundwater 
flow. A brief review of tracer types is provided by Davis et al. (1980). 
Many tracer studies have used anions, commonly chloride or bromide, as 
conservative tracers. Chloride and bromide are favored because they are 
usually not adsorbed and react similarly in soils and aquifers to the 
nitrate anion without undergoing biological transformations (Shuford et 
al., 1977). 
Cations are subject to ion exchange onto soil minerals. Lithium has 
been used as a tracer because it is normally present only at low 
concentrations in soils. It is exchanged less strongly than most other 
monovalent cations present in soils including sodium, potassium, and 
ammonium (Hillel, 1980). Bencala et al. (1983) found however, in using 
lithium as a tracer in an alluvial stream, that losses attributed to 
adsorption could be substantial. 
Fluorescent dyes have been widely used as tracers to delineate flow 
paths of surface or groundwater in karst areas (Jones, 1984). Omoti and 
Wild (1979a, b) used fluorescent dyes to stain paths of solute movement in 
soils. An advantage of fluorescent dyes in solution is they can be 
rapidly analyzed to very low concentrations (<0.1 fig L"^ ) using a 
fluorimeter at low cost (less than $1 per sample). Smart and Laidlaw 
(1977) evaluated the chemical and adsorption properties of eight 
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fluorescent dye tracers. Finkner and Gilley (1986) evaluated three of the 
dyes studied by Smart and Laidlaw (1977) for their adsorption onto eroded 
sediment from three Nebraska soils. Both studies concluded that dye 
adsorption was influenced by soil mineral type, particle size 
distribution, and organic matter. Sabatini (1989) determined from batch 
and column tests that rhodamine WT was more strongly adsorbed than the 
herbicides atrazine and alachlor. The sorption coefficients (K^ )^ he 
determined for rhodamine WT ranged from 1400-3700 ml/g compared to 
values of 148 ml/g for atrazine and 400 ml/g for alachlor in a sand and 
gravel aquifer material. 
The objective of this study was to compare the transport of adsorbed 
and nonadsorbed chemical tracers in the laboratory and in the field to 
evaluate the relative importance of preferential flow as a mechanism for 
their transport from the surface of an agricultural field to a shallow 
groundwater. 
Materials and Methods 
Four tracers were used together in this study. Bromide and nitrate 
anions were used as nonadsorbed tracers. The sources of bromide ions were 
potassium bromide and lithium bromide. Calcium nitrate was used for the 
nitrate ion source. Two adsorbed tracers were included in the solute mix, 
the lithium cation and the fluorescent dye, rhodamine WT. The source of 
lithium ions was lithium bromide. Rhodamine WT was purchased as a 20% 
concentrate solution from the Pylam Company in Garden City, New York. 
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These tracers with the exception of nitrate were chosen for their low 
background levels in field soils. Concentrations used were established to 
be at least 1000 times greater than their detection limits (Table 1), 
Field study 
A field tracer experiment was conducted in late August, 1987 at the 
Iowa State University Agronomy and Agricultural Engineering Research Farm 
near Ames, Iowa. The site was an artificially drained Nicollet loam soil 
with a 2.6% slope. The Nicollet series is a glacial till soil covering 
1.2 million acres in Iowa and an important soil in the agricultural 
productivity of the region (Fenton et al., 1971). A partial list of soil 
properties at this site are presented in Table 2. 
The field site was conventionally tilled (fall plowed, spring disked, 
and planted) field of nearly mature standing corn. In the three years 
prior to this experiment, the site had been used as an unfertilized check 
plot, receiving no nitrogen fertilizer during three years of continuous 
corn (Kanwar et al., 1988). 
Tracers applied to the plot were batch mixed in two 20-m^  tanks with 
irrigation water to the concentration values given in Table 1. The plot 
was irrigated with tracer solution from twelve Rainbird 30BH sprinkler 
heads each with a single 4.37-mm nozzle. Sprinkler heads were mounted on 
2.5-m risers, placing them above the corn crop. The sprinkler risers were 
located in a rectangular pattern of four sprinklers per line and three 
parallel lines forming a 7 x 6.4 m grid spacing. The sprinkler line was 
centered over and ran parallel to the 76 cm spaced corn rows and a 10.2-
cm-diameter clay drain tile line buried at a depth of 1.1 m. The tile 
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Table 1. Analytical information on tracer chemicals used in irrigation 
and column solutions 
Bromide Nitrate-N Lithium Rhodamine WT 
mg L"^  mg L'^  mg L'^  mg L"^  
Tracer concentration in solution (C^ ) 
Column: 
Field: 
243 
236 
230 
234 
3.92 
4.0 
0.87 
1.40 
Background Concentration: 
Column: 
Field: 
<0.05 
< 0 . 2  
<0.02 
7.0 
0.123 
0.012 
0.00026 
0.00008 
Detection Limit 
for Standards: 0.05 0 .01  0 .002  <0.00001 
Method of 
Analysis : Ion Chromatography 
Ionic Strength of Tracer Solutions: 
AES/DCP= 
Filter 
Fluorometer 
Column Experiment: 
Field Experiment: 
0.03 molar 
0.03 molar 
A^tomic Emission Spectroscopy / Direct Current Plasma. 
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Table 2. Selected physical properties of Nicollet loam soil from the 
field experiment site 
Property Soil Column Field Plot 
Porosity 
Field Capacity^  
Volumetric 
Water Content 
Bulk Density^  
Organic Carbon 
PHC 
Cation^  
Exchange Capacity 
% Sand (2-0.05mm)^  
% Silt (0.05-0.002mm)& 
% Clay (<0.002mm)^  
Hydraulic 
Conductivity® 
0.50 cm^  cm"^  
1.33 Mg m-3 
2 . 2 %  
5.1 
47% 
30% 
23% 
2.0 cm h"^  
Ranges (0 - 90 cm); 
0.44 - 0.49 
0.33 - 0.35 cm^  cm'^  
0.28 - 0.35 cm^  cm'^  
0.30 - 0.36 cm cm" 
1.30 - 1.49 Mg m'3 
0.9 - 2.2% 
5.1 - 6.6 
20 - 25 meq/100 g 
43 - 47% 
28 - 30% 
23 - 28% 
8.3 to 26.2 cm 
f^ield values taken from Kanwar et al. (1985). 
field values respectively prior to 1st and 2nd tracer irrigation. 
p^H determined using a 2:1 water to soil ratio. 
'Values from T. E. Fenton (Department of Agronomy Iowa State 
University, personal communication). 
®field values for saturated hydraulic conductivity reported by 
Kanwar et al. (1985). 
lines, installed in the field in 1960 were spaced 36.6 m apart. At the 
lower end of the field, the tile line was intercepted by a 1.8-m-deep by 
1.2-m-diameter steel culvert installed vertically. The culvert was 
instrumented with a V-notch weir and stage recorder to monitor drainage 
flow rate. A plot map of the site showing contours and the relationship 
between the tile line and sprinkler locations is given in Figure 1. 
Eighteen centimeters of rain fell during the eight days preceding the 
start of the experiment. A rainfall of 4.3 cm ended 36 h before the start 
of the experiment. Soil moisture in the surface 60 cm determined at the 
start of the experiment averaged 0.34 cm cm" , approximately field 
capacity (Table 2). There had been no tile flow at the site or in any of 
the adjacent tile lines in the two months since early June. When the 
first tracer irrigation began, the water table for the plot was located 18 
cm below the tile line. During the experiment, no visible signs of 
cracks, openings, or other discontinuities in the soil surface were 
observed. 
Two irrigations of tracer solution were applied above the tile line 
two days apart. During each irrigation the mixed tracer solution was 
applied at a rate of 20 L min"^  from each sprinkler, wetting a total area 
roughly 43 X 36 m. The small number of sprinklers resulted in a non­
uniform distribution of tracer solution over the area above the tile line. 
The highest tracer solution depth collected was centered between the two 
middle nozzles of the center sprinkler line. Moving away from this 
location, both the rate and depth of application to the plot decreased 
(Figs. 2 and 3). The maximum sprinkler application rate applied at the 
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Figure 1. Map of field experiment site; dotted line and circle 
indicate respectively the location of tile drainage 
line and sampling points; X's show location of sprinkler 
risers; contour interval is in meters 
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Figure 2. Tracer solution application depth (cm) from first 
irrigation 
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Figure 3. Total tracer solution application depth (cm) from first 
and second irrigation 
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center of the sprinkler array was 3 cm h"^ . 
The first of two irrigations with water containing tracers began with 
a continuous irrigation for 256 min. At the end of this time irrigation 
stopped for 38 min because of a delay in water delivery. Once the 
irrigation resumed, the plot received tracer solution for an additional 60 
min. Total volume of tracer solution applied during this first irrigation 
was 84.8 m^ . During the second sprinkler event, 2 days later, a total 
O 
volume of 34.3 m was applied without interruption for 128 min above the 
same tile line. The distribution of and total solution depth applied by 
each irrigation is shown in Figures 2 and 3. The loading rate of tracer 
chemicals that were applied to the site for each irrigation is summarized 
in Table 3. 
A mass balance of tracers applied from each irrigation is given in 
Table 4. This mass balance is based on tracer concentrations in 
irrigation water, tile flow, and surface runoff together with their 
respective flow volumes. 
Column study 
To determine the behavior of the four chemical tracers under 
homogenous soil conditions, breakthrough curves were determined using a 
repacked column of soil taken from the surface 15 cm at the field 
experiment site. Soil for the breakthrough column was first oven dried 
and passed through a 2-mm sieve. Soil was then placed into a 13.5 cm 
diameter by 18.7 cm high plexiglas column and vibrated to a bulk density 
of 1.33 Mg m'^ , close to the original soil bulk density (Table 2). 
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Table 3. Loading rate of water and chemicals applied during irrigations 
of the field site averaged over the plot area receiving at least 
2 cm of water 
First Second Total 
Tracer Irrigation Irrigation Loading^  
Avg. Application 
Rate (cm h" ) 0.8 1.5 0.7 
Total area wetted 
by irrigation (m ) 1668 1604 1890 
Water (cm) 4.5 3.2 5.6 
Bromide (kg ha'^ ) 106. 76.5 132. 
Nitrate-N (kg ha"^ ) 105. 75.8 131. 
Lithium (kg ha"^ ) 1.80 1.28 2.24 
Rhodamine WT (kg ha"^ ) 0.63 0.44 0.78 
t^otal loading is not additive from the first and second irrigations 
because of differing areas. 
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using a 0.015 N calcium sulfate solution, equal in ionic strength to that 
of the tracer solution. Volumetric water content measured in the column 
was 0.50 cm cm" , which was assumed to be saturation. A solution of the 
four tracers used in the field experiment was introduced at the top of the 
column with an initial gradient of 9.3 m m"^ . Hydraulic conductivity of 
the column was 5.16 x 10'® m sec"^  at the start of the breakthrough 
experiment. Pore water velocity through the column was maintained at 9.6 
X 10"^  m sec'l. Concentrations of tracers ponded on the column are given 
in Table 2. An Eldex brand fraction sampler was used to collect the 
outflow from the bottom of the column. 
Results and Discussion 
Repacked soil column results 
Results from the determination of laboratory breakthrough curves are 
presented in Figure 4. As expected the anions, bromide and nitrate, 
passed through the column first. Complete breakthrough, when the relative 
concentration C/C^  (concentration of tracer in outflow / concentration of 
tracer in applied solution) equals 1.0, was reached by the two anions 
before 2.5 pore volumes had passed through the soil column. Breakthrough 
curves for both bromide and nitrate are nearly identical. In Figure 4, 
the volume displaced before bromide and nitrate reach a relative 
concentration (C/GQ) of 0.5 was 0.73. This shift to the left of the 
theoretically expected 1.0 is likely due to a combination of wall effects, 
uneven pore volume displacements (Nielsen and Biggar, 1961), or anionic 
exclusion (Kissel et al., 1973). The greater volume of solution needed to 
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reach the 0;5 relative concentration for lithium and rhodamine WT, 
compared with the volume for bromide and nitrate seen in Figure 4, 
indicates interaction with the soil. Lithium required six pore volumes to 
reached a C/C^  value of 0.80 and continued to rise slowly thereafter. 
Lithium failed to reach complete breakthrough (C/Cg - 1.0) even after 45 
pore volumes. The reason for this result is unclear. The most plausable 
explanation is that the lithium curve in Figure 4 reflects a long tailing 
cation exchange curve similar to the sodium exchange curve reported by 
Bower et al. (1957). Support for this explanation comes from a similar 
shaped lithium breakthrough curve carried out to 8 pore volumes in a 
second column of soil taken from the same field. The entering lithium 
concentration for this column was 2.5 times higher (10.3 mg L"^ ) than that 
used to construct the curve in Figure 4. In addition, ammonium, another 
cation present in the column solution, also showed a similarly shaped 
response curve, and reached a maximum relative concentration of 0.9 after 
45 pore volumes. 
Rhodamine WT was very strongly adsorbed by the soil used in this 
column study. After 45 pore volumes, C/C^  had reached only 0.46. 
Equilibrium batch tests for rhodamine WT adsorption with the same tracer 
solution and soil from the same field experiment site gave a sorption 
coefficient (K^ )^ value of 1650. A value of 1150 was estimated for the 
column breakthrough curve in Figure 4 (Everts, 1989). 
Field experiment results 
Tile flow during the first irrigation with tracer solution began 
approximately 35 min after the first irrigation began. Sampling started 
1.00 
0.90 -
0.80 -
0.70 -
0.60 -
0.50 -
0.40 -
0.30 -
0.20 -
A 
X 
A 
X 
o o 
o o 
N03-N 
R WT 0.10 -
50 
Pore Volumes 
Figure 4. Repacked column breakthrough curve. Soil taken from 0-15 cm depth at field site 
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15 min later. Tile flow originating with the first tracer irrigation was 
still occurring when the second irrigation began 51.2 h after the start of 
the first irrigation as shown in Figure 6, Tile flow was monitored for 56 
h after the start of the second irrigation. At the end of this time, tile 
flow had dropped to 0.82 L min"^ , 7% of the peak flow rate for that 
irrigation (12.6 L min"^ ). At this time a natural rainfall of 14.5 cm 
began. The first concentration sample of flow from this storm was taken 
after 4.3 cm of rain had already fallen, four hours after the storm began. 
At this time the concentration of all tracers in tile drainage were higher 
than the concentrations seen in the last drainage sample taken prior to 
the storm, but these concentration levels appeared to have declined from 
an unknown peak. 
Total runoff from the site during both irrigations amounted to 5% of 
the total volume of irrigation water applied. Runoff from the plot began 
to be collected 55 min after the start of the first irrigation and 35 min 
after the start of the second irrigation. The volume of water and mass of 
tracers lost in runoff is given in Table 4. Runoff observed during each 
irrigation was carried by the furrows in between corn rows, especially 
where there had been foot traffic during site preparation prior to the 
start of the experiment. 
Tracer concentrations in the tile drainage water during the two 
rainfall events are shown in Figures 5 and 6. The vertical axis in these 
figures is the tracer concentration in tile drainage water as a percentage 
of the concentration in the applied tracer solution. The data are plotted 
in this manner to make it comparable with values of C/CQ, plotted in 
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Table 4. Mass balance of tracers and water applied during field 
experiment 
Tracer: Bromide Nitrate-N Lithium Rhodamine WT Water 
First irrigation with tracer solution: 
Tracer mass 
applied (g) 20003 19830 340.0 118.91 81.34 m^  
Tracer mass in 
runoff (g) 787 773 13.7 3.1 3.41 mM 
Tracer mass in 
tile flow (g)* 425 511 1.6 0.18 28.44 
Tracer mass (g)^  
added to soil 18791 18546 324.7 115.6 31.85 m^  
Applied tracer 
in tile flow* 2.1% 2.6% 0.48% 0.15% 33.6% 
Second irrigation with tracer solution: 
Tracer mass 
applied (g) 8398 8363 141.9 43.17 34.28 m^  
Tracer mass in 
runoff (g) 663 672 11.1 2.55 2.68 m^  
Tracer mass in 
tile flow (g)C 220 262 0.6 0.05 12.15 m^  
Tracer mass (g)^  
added to soil 7515 7429 130.2 40.57 19.45 m^  
Applied tracer 
in tile flow° 2.6% 3.1% 0.44% 0.12% 36.5% 
T^ile flow mass of tracers from start of first irrigation with tracer 
solution until start of second irrigation event (51.2 h). 
C^alculated as the difference between mass of tracer in irrigation 
water and that lost in runoff and tile drainage. 
T^ile flow mass of tracer from start of second tracer irrigation to 
beginning of natural rainfall event (56.4 h). 
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Figure 4. Zero time on both tile flow graphs corresponds to the start of 
each tracer irrigation. The pair of vertical lines in Figure 5 indicates 
the time during which the irrigation was interrupted. The left most 
vertical lines in Figures 5 and 6 mark the end of irrigation. 
Tracer concentrations in tile drainage water all peaked between 65 
and 70 min after irrigation began. In both cases tracer concentrations 
peaked and then began declining even though irrigation with tracer 
solution continued. Timing of peak concentration appeared to be 
independent of tile flow rate, or tracer chemical. A comparison of Figure 
4 with Figures 5 and 6 clearly shows that in spite of the different tracer 
types moving at different rates in a uniform column, under field 
conditions, the four tracer chemicals showed identical timing of 
concentration peaks and recessions. Figures 5 and 6 show when the 
irrigation solution is turned off, there was a break in the slope of the 
already declining tile drainage concentration curve. 
After peaking, the rate of decrease in concentration was greatest for 
the adsorbed tracers. One hour after the end of the first irrigation, the 
concentration of the adsorbed tracers, lithium and rhodamine WT in 
drainage water had dropped to 5.7% and 2.5%, respectively of their peak 
concentration values. At the same time, the anions nitrate and bromide, 
maintained 27% and 25%, respectively of their peak values. The rapid 
decrease in concentions of lithium and rhodamine WT in tile drainage water 
was also noted following the second tracer solution irrigation. One hour 
after the end of the second irrigation, the concentrations of lithium and 
rhodamine WT, were 7% and 4% of their peak tile flow concentrations. 
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respectively. Corresponding values for bromide and nitrate were 37% and 
40%, respectively. 
This rapid drop off in adsorbed tracer concentrations at the end of 
an irrigation suggests that movement of these chemicals is closely tied to 
rainfall recharge events. This conclusion is supported by Figure 7 which 
shows the accumulated mass of the tracers in tile flow as a function of 
time. The average accumulated tile drainage volume from the start of an 
irrigation up until an arbitrary one hour after the irrigation ended, was 
25% of the total tile flow during the entire two-day period of monitoring. 
For bromide and nitrate, the portions of the total two-day losses that 
occurred within one hour following an irrigation were 40% and 35%, 
respectively. For lithium, the average portion of total loss occurring 
from the start of an irrigation to one hour after it ended was 67%, and 
for rhodamine WT this value was 83%. Thus, preferential flow becomes 
relatively more important for solute transport the more strongly a solute 
is adsorbed. 
Although the field experiment appears to contradict results from the 
laboratory column study, closer examination of results shown in Figures 5 
and 6 reveals that although timing of the peaks for the four tracers is 
simultaneous. The relative magnitudes of these peaks are in the same 
order as the amount of retardation seen for the laboratory column (Figure 
4). In the field experiment, peak concentrations in terms of C/C^  during 
the first irrigation for bromide (29%) and nitrate (29%) are highest, 
being the first tracers which passed through the repacked column. Lithium 
was next at 16%, followed by rhodamine WT the most strongly adsorbed 
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tracer with a 6% C/C^ . Similar corresponding peak percentages for the 
second irrigation were 26%, 26%, 15%, and 6%, respectively. 
The observation of a peak concentration of chemicals in tile flow 
occurring early in the tracer irrigation, and unrelated to the tile flow 
hydrograph, is consistent for both irrigations. A secondary peak was also 
seen when irrigation resumed following the interruption of tracer solution 
during the first irrigation. A heterogeneity near the tile line of high 
permeability, might explain the early peak in concentration. However, 
this possibility can be ruled out for two reasons. First, the maximum 
application rate of tracer solution from the two irrigations combined was 
18 cm, equivalent to applying a maximum of 0.37 pore volumes directly 
above the tile line. In the column breakthrough experiment, this pore 
volume displacement resulted in no detectable rhodamine WT in the effluent 
and a lithium C/C^  value of 0,04. Even in columns of alluvial sand and 
gravel reported by Sabatini (1989), no rhodamine WT appeared in the 
effluent before at least 0.7 pore volumes. In addition, there is the 
synchronization of the four tracer peaks. A region of high permeability 
would result in staggered timing of tile flow concentration peaks for the 
different tracers beginning with the least adsorbed. 
The shape of the concentration hydrographs in Figures 5 and 6 is 
consistent with the concept of two flow mechanisms contributing tracer 
solution to the tile line (Germann and Beven, 1981). Preferential flow, 
the faster mechanism, contributes tracers to the tile line at 
concentrations closest to that applied at the surface. A tracer solution 
infiltrating uniformly through the soil (matrix flow) will behave similar 
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to the results from the disturbed soil in the column experiment. This 
matrix flow, which fits convection-dispersion models, has a longer solute 
travel time than preferential flow. As sprinkler application continued, 
however, matrix flow gradually began to dominate tile flow, acting to 
dilute preferential flow contributions resulting in a decline in the 
tracer concentrations in tile flow. The slowly declining concentration of 
tracers in tile flow, soon after the irrigation ended, represents the 
matrix flow concentration without any preferential flow contributions. 
The gradual decline in tile flow concentration long after the end of an 
irrigation is likely to be the effect of dispersion and mixing that occurs 
at low pore velocities. 
Figure 7 shows the cumulative mass flow of chemical tracers leaving 
the plot in the tile drainage water. The mass of nitrate lost was greater 
than bromide even though the two tracers were applied at the same 
concentration. This was due to the presence of nitrate in tile drainage 
water at higher concentrations than those found for bromide, a result of 
the higher level of nitrate initially present in the soil. Nitrate and 
bromide losses continued to rise in proportion to cumulative tile drainage 
volume. In contrast, lithium and rhodamine WT movement nearly ceased soon 
after the end of each irrigation as shown in Figure 7. The relative 
importance of preferential flow in the transport of a solute appears to be 
largely dependent on the solutes adsorption properties. The variation in 
tile flow concentration during an irrigation seen in Figures 5 and 6 
indicate that if only a limited number of tile drainage samples can be 
taken, the time of sampling becomes extremely important, especially if a 
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Figure 7. Accumulated mass of applied tracers in tile flow from both irrigations 
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mass balance is desired. Waiting to sample even a few hours after a 
rainfall has ended can result in a significant portion of the loss of an 
adsorbed chemical being missed. 
A mass balance of the applied tracers, including losses with each 
irrigation is given in Table 4. Figure 8 shows a comparison of tile flow 
tracer losses as a percentage of the mass of tracers applied by 
irrigation. At the start of the second irrigation, 50 h after the start 
of the first tracer irrigation, 2.1% of the applied bromide and 2.6% of 
the nitrate had left the field plot through tile drainage water. At the 
same time, the volume of tile outflow amounted to 33.6% of the irrigation 
water applied to the plot. Lithium and rhodamine WT removed during this 
time period in tile flow were 0.5% and 0.15%, respectively, of that 
applied. Accounting for all chemicals and water leaving the field through 
tile drainage from both irrigations up to the time of the start of the 
rainstorm, 56 h after the second irrigation, cumulative tile outflow was 
34% of the total irrigation water applied. At the same time, bromide, 
nitrate, lithium, and rhodamine WT in tile flow were 2.3%, 2.7%, 0.44%, 
and 0.14%, respectively. 
Conclusions 
This study found that even the strongly adsorbed rhodamine WT moved 
rapidly at low, but detectable concentrations, during and immediately 
following an irrigation. An average of 67% of the total lithium and 83% 
of total rhodamine WT which was lost in tile drainage water resulting from 
irrigation with a tracer solution, did so within one hour after the 
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irrigation ended. From the shape of the curves in Figure 7 it cân be seen 
the more strongly a tracer was adsorbed, the greater the total of its 
accumulated loss which took place during and shortly after the irrigation 
event itself. 
Some form of preferential flow appears to be the primary mechanism by 
which the adsorbed tracers, lithium and rhodamine WT, reached the tile 
line. Evidence for this is the relatively high concentrations of lithium 
and rhodamine WT appearing in tile drainage water within 25 min after the 
start of an irrigation with tracer solution. The concept of preferential 
flow is also supported by synchronization of the four tracer peaks seen 
during both irrigations (Figures 5 and 6). Preferential flow during an 
irrigation appeared to be of less overall significance in the transport of 
the conservative tracers, bromide and nitrate. 
Results of tile flow monitoring suggest adsorbed chemicals tend to 
move in relatively discrete time intervals connected with rainfall or 
irrigation events, and that timing of tile flow sampling in relation to a 
recharge event is very important for studies requiring an accurate 
assessment of the mass transport of adsorbed chemicals through an 
unsaturated soil. 
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SECTION III. 
QUANTIFYING PREFERENTIAL FLOW TO A TILE LINE 
Many models of infiltration and water movement through unsaturated 
soils are based on the simplification of an ideal homogeneous and 
isotropic soil. Behavior of water movement through soils under these 
conditions is described by Darcy's law (Philip, 1969b; Beven and Germann, 
1982). However, Lawes et al. (1881) recognized early that uniform flow 
conditions through homogeneous soils are seldom the case. Preferential 
flow through macropores has been found in a number of soils in the north-
central states and Canada (Anderson and Bouma, 1977b; Chu et al., 1987; 
Elrick and French, 1966; McBride, 1985; Priebe and Blackmer, 1989). Under 
heterogenous conditions, uniform flow assumptions may not hold (Childs and 
Collis-George, 1950). Several researchers have concluded that vertically 
continuous macropores can have a significant influence on infiltration and 
drainage (Beven and Germann, 1981; Blake et al., 1973; Bouma et al., 1977; 
Douglas, 1986; Smettem and Collis-George, 1985a,b; Rice et al., 1986; 
Steenhuis et al., 1986; White, 1985a). Preferential flow paths also have 
important consequences in the transport of chemicals in soils (Thomas and 
Phillips, 1979; White, 1984). Chemical transport models such as PRZM 
(Carsel et al., 1984) and GLEAMS (Leonard et al., 1987) however, do not 
include a preferential flow component. 
One modeling approach to account for the preferential flow 
contribution considers unsaturated water movement to be the result of two 
flow mechanisms, one described by Darcy's law and the second, the result 
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of preferential flow through soil macropores (Addiscott et al., 1986; 
Hoogmoed and Bouma, 1980; Jarvis and Leeds-Harrison, 1987a; Skopp and 
Warrick, 1974; Van Genuchten and Wierenga, 1976). This approach is 
consistent with the suggestion by Skopp (1981) that soil pores should be 
classified on the basis of their function. Water movement described by 
Darcy's law, where water and solutes are transported slow enough to allow 
extensive mixing between pores, is defines by Skopp (1981) as matrix 
porosity. This definition for matrix porosity or matrix flow will also be 
used in this paper. 
The second mechanism consists of preferential water movement by 
unstable flow or through soil macropores (soil cracks, channels formed by 
plant roots, soil animals, and soil structure). Skopp (1981) suggests 
that macroporosity be defined as that part of soil porosity which provides 
preferential flow paths where mixing and transfer between adjacent pores 
is limited. This second flow type will be referred to as preferential or 
macropore flow in this paper. One obstacle to modeling macropore flow, 
which is potentially important to chemical transport, is that methods to 
quantify preferential flow are at best difficult and tedious. 
The objective of this paper is to estimate the contributions made by 
the two flow mechanisms, preferential flow (through macropores) and matrix 
flow to tile drainage as a result of sprinkler irrigation. 
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Materials and Methods 
Field tracer experiment 
Potassium bromide, calcium nitrate, and two other chemical tracers 
were mixed with water and applied to a standing corn crop through a 
sprinkler system set up above a tile drainage line. The details of this 
field experiment are given by Everts et al. (1988). The site chosen was a 
conventionally tilled (fall-plowed, spring-disked and planted) field of 
nearly mature standing corn. The experimental site had been planted 
continuously to corn the three years preceding this experiment (Kanwar et 
al., 1988). The experimental location was a Nicollet loam soil derived 
from glacial till, with a 2.6% slope. Some soil properties for the site 
are given in Table 1. 
The plot was irrigated with a tracer solution containing nitrate and 
bromide ions applied through 12 sprinklers laid out in a rectangular 
pattern of four sprinkler heads per line and three lines forming a 7 x 6.4 
m grid. The sprinkler lines were oriented parallel to both the corn rows 
and a 10.2-cm tile drainage line buried 1.1 m below the surface. The 12 
sprinklers consisted of Rainbird model 30BH heads with a single 4.37-mra 
nozzle, mounted on top of a 2.5-m riser. The tall risers placed the 
sprinkler heads above the corn crop. At the lower end of the field, the 
tile drain was intercepted by a 1.2-m-diameter vertical steel culvert for 
measuring and sampling subsurface drainage. Figure 1 is a map of the site 
showing the orientation of sprinkler layout, plot contours, tile line, and 
sampling site. 
Two irrigations with a tracer solution were made 50 h apart. The 
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10.9 
Figure 1. Map of field experiment site; dotted line and circle 
indicate respectively the location of tile drainage 
line and sampling points; X's show location of sprinkler 
risers; contour interval is in meters 
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first irrigation consisted of a continuous sprinkler application for 256 
min, then a 38-min interruption due to a delay in water delivery, followed 
by an additional 64 min of water and chemical application. Total volume 
O 
of tracer-containing water applied during this event was 84.8 m , with an 
average application depth of 5,6 cm. The second irrigation, two days 
later on the same site, lasted 129 minutes and applied an additional 34.3 
m^ of water (average depth 1.8 cm) without interruption. 
Table 1. Selected physical properties of Nicollet loam soil determined at 
the experiment site 
Propertv Soil Column Field Site 
Taken from Range in values for 
0 to 15-cm depth 0 to 90-cm depth 
Porosity B A S •> 0.45 - 0 .50 
Field Capacity* 0.33 - 0 .35 cm^ /cm^  
Volumetric water® 0.28 - 0 
o ob 
.35 cm^ /cm^ c 
content 0.50 0.30 - 0 .36 cm /cm 
Saturated hydraulic* 2.3x10-6 to 
conductivity 5.2x10-6 m/s 7.3x10*6 m/s 
Bulk Density* 1.33 Mg/m^  1.30 - 1 .49 Mg/m^  
Organic Carbon 2.2% 0.9 • 2.2% 
% Sand* 47% 32 - 54% 
% Silt* 30% 25 - 43% 
% Clay* 23% 
o
 
CM 
28% 
*Field values taken from Kanwar et al. (1985). 
Value prior to first irrigation. 
^Value prior to second irrigation. 
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Water and chemicals were mixed together and applied at a rate of 20 
L/min per sprinkler. The total wetted area, roughly centered abo\e the 
tile line, was approximately 43 X 36 m. The small number of sprinklers 
and close spacing resulted in a nonuniform distribution of water and 
chemicals on the wetted area. The highest application rate was centered 
over the tile line. A maximum application depth of 13.0 cm of water was 
applied during the first irrigation, and a peak application of 5.0 cm was 
applied during the second irrigation event. 
Initial soil moisture conditions in the soil profile at the 
experimental site at the start of the first irrigation were close to field 
capacity (Table 1). A total of 18 cm of natural rain fell during the 
eight days immediately preceding the first sprinkler event. A rainfall of 
4.3 cm ended 36 h before the start of the experiment. When the first 
irrigation began, the water table at the experiment site was 20 cm below 
the tile line. Earlier in the summer, the soil was cracked from dry 
conditions, but at the time of the experiment, no visible signs of cracks, 
openings, or other large surface discontinuities were observed. 
The maximum irrigation rate measured during the experiment was 2.6 
cm/h which occurred on less than 1% of the total wetted area. During the 
two irrigations, the application rate averaged over the area during the 
two irrigations receiving more than 2 cm of irrigation water was 0.8 cm/h. 
The infiltration rate for soil in this area was determined using a tension 
infiltrometer through a coarse sand layer to eliminate the effect of soil 
macroporosity (Everts, 1989). The average infiltration rate from this 
method was 2.4 cm/h with a 95% confidence interval of from 1.4 to 4.0 
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cm/h. One-fourth of the area irrigated had tracer solution applied at 
this rate or higher. Subsurface tile flow and surface runoff were 
measured and sampled for chemical analysis at various intervals during and 
after the two tracer irrigations. 
Column breakthroueh curve 
A breakthrough curve was determined from soil collected from the 
surface 15 cm of the field site using the same concentrations of bromide 
and nitrate in solution as in the field experiment. The soil was first 
dried and passed through a 2-mm sieve before being placed into a 
cylindrical column 18.6 cm high and 13.5 cm in diameter. The column was 
vibrated to a bulk density of 1.33 Mg/m , close to the surface soil bulk 
density in the field. Initially, saturated hydraulic conductivity of the 
column was found to be 1.14 x 10"^ m/sec. During the experiment the pore 
water velocity through the column was maintained at 3.7 x 10*^ m/sec. 
Results and Discussion 
Hydrograph separation of preferential and matrix flow components 
Figure 2 shows the breakthrough curve obtained for nitrate and 
bromide for the column made with sieved soil. The column showed minor 
indications of nonuniform flow as evidenced by the occurrence of a 
relative concentration of 0.5 slightly before one pore volume had passed 
through the column, possibly the result of anion exclusion (Nielsen and 
Biggar, 1961). If matrix flow was the only flow mechanism operating, it 
would be expected that the concentration of tile flow would follow a 
somewhat similar trend with respect to infiltration as the column 
Nitrate 
Bromide 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 
Pore Volumes (V/Vo) 
Bromide and nitrate breakthrough curve from a column of sieved and repacked soil 
taken from 0-15 cm depth at the field site. Column pore velocity 3.74 x 10" cm/s 
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breakthrough curve, with concentration increasing until the end tracer 
irrigation. 
Figures 3 and 4 show nitrate and bromide concentrations measured in 
the tile-line flow during each irrigation. During both events, nitrate 
and bromide concentrations peaked in tile flow and began declining before 
a tracer irrigation ended. The concentration peak in tile flow during the 
first irrigation occurred between 65 and 70 min, as the hydrograph was 
still rising and before the end of the irrigation. During the second 
irrigation, concentrations peaked 85 to 95 minutes after the irrigation 
started. Concentration levels of bromide and nitrate plotted in Figures 3 
and 4 compare closely for the first 129 min, when the second event ended. 
The difference between the shape of the concentration curve from the 
repacked column (Figure 2) and that observed in the field suggests that 
the concentrations of nitrate and bromide measured in tile outflow are not 
the result of a single matrix flow mechanism, but may include a 
preferential flow mechanism. This conclusion is also supported by the 
occurrence of concentration peaks at the same time of two partly adsorbed 
tracers (rhodamine WT dye and lithium) also mixed in the applied sprinkler 
solution (Everts, 1989). 
Movement of water and chemicals through macropores is more rapid than 
Darcian or soil matrix flow (Beven and Germann, 1982) . An analogous 
situation exists in separating a flood hydrograph into its direct surface 
runoff and groundwater components. The groundwater portion of a flood 
hydrograph changes relatively slowly and would correspond to the mechanism 
of matrix flow to a tile line. The direct surface runoff component of the 
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Figure 3. Bromide and nitrate concentration in tile drainage water during first irrigation 
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Figure 4. Bromide and nitrate concentration in tile drainage water during second irrigation 
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flood hydrograph would correspond to the more rapid response of the 
preferential flow component. This approach, however, makes the assumption 
that matrix flow and preferential flow are completely separate mechanisms, 
when in reality the two processes are on either end of a continuum of 
water flow in soil. 
By using the hydrograph separation technique of Finder and Jones 
(1969) which was applied to karst hydrology by Hallberg et al. (1984), the 
following mass balance equation can be written for the mass flow of a 
chemical in subsurface tile flow: 
Qt ' Cf - Qm ' C* + Qp . Cp (1) 
where: - Total tile flow 
Qjjj - Matrix flow contribution to tile flow 
Qp - Preferential flow contribution to tile flow 
- Chemical concentration in tile flow water 
Cjjj - Chemical concentration of matrix flow component of 
tile water 
C - Chemical concentration of preferential flow component 
in tile water 
Solving for the preferential flow component in Equation (1): 
Qp - Qt • Ct - Qm • Cm (2) 
Cp 
From the conservation of mass, it is also known that: 
Qt - Qp + Qm (3) 
By solving for Qp (or alternatively for Q^ )^ in Eq. 3, substituting 
back into Eq. 2, and rearranging, we obtain: 
Qp - Qt • (Ct - Cm) / (Cp - C„) (4a) 
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or: Qm - Qt • " Cp) / (C„ - C^ ) (4b) 
Equations 4a and 4b represent two equations with four unknowns (Qp, 
Qflj, Cp, Cjjj) . To obtain a solution, values for Cp and were estimated by-
making the following assumptions : 
1) Tile flow concentration is equal to the concentration of matrix 
flow when concentration stabilizes a short time after the end of each 
irrigation. 
2) The matrix flow response with the starting and ending relative 
concentration in tile water, is approximated by the shape of the 
laboratory column breakthrough curve in Figure 2. 
3) Relatively little mixing takes place in between macropores which 
contribute preferential flow to the tile line and the surrounding soil 
solution. Therefore, the concentration of the preferential flow component 
was set equal to the concentration of nitrate and bromide present in the 
applied rainfall. 
The third assumption may tend to introduce some error inasmuch as any 
diffusion or mixing between macropores and the surrounding soil matrix 
during infiltration will decrease the actual concentration of tracer 
reaching the tile line. However, setting concentration of the 
preferential flow component (Cp) equal to the concentration applied by 
irrigation water results in a minimum value for preferential flow. 
Preferential matrix flow and matrix flow hvdrographs 
The hydrographs in Figures 5 and 6 are the result of applying the 
separation technique just described (Equation 4b) using the bromide 
concentrations in the tile flow shown in Figures 3 and 4 (C^), and the 
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shape of the bromide breakthrough curve in Figure 2 to obtain The 
values for and used to obtain Figures 5 and 6 are given in Table 2. 
The corresponding values for nitrate concentrations were also used in the 
calculations in place of the bromide values. The resulting hydrographs 
from these nitrate concentration curves proved to be nearly identical (and 
are therefore not shown) to those obtained from the bromide concentrations 
shown in Figures 5 and 6. 
It was also found that instead of using a curve fit of the bromide 
breakthrough curve in Figure 2 to approximate in Equation 4, a linear 
interpolation between the starting and ending values given in Table 2 
changes the hydrograph only slightly. This suggests that the use of 
breakthrough curve data is unnecessary. 
There was no tile flow before the first irrigation began. Tile flow 
began approximately 35 min after the start of irrigation. From the 
beginning of the second sprinkler event, it took only 25 min before an 
increase was observed in the tile flow rate and in nitrate and bromide 
concentrations. The ending bromide concentration values given in Table 2 
and used with Equation 4b were taken from the recession portion of the 
tile-flow concentration curves shown in Figures 3 and 4. Tile flow was 
assumed to be entirely matrix flow 60 and 80 minutes, respectively, after 
the end of the first and second sprinkler events. 
The contribution of matrix flow dominates the total flow volume in 
the tile line (Figures 5 and 6). Matrix flow, contributes the majority of 
flow to the tile line even during the early stages of the tile-flow 
hydrograph. Initial mixing between macropores and matrix flow may explain 
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why the technique does not show even greater macropore flow during the 
early stages of tile-flow response. Figures 7 and 8 show the relative 
contribution of preferential flow during each irrigation. 
Table 2. Values of bromide concentration used in Equation 4 to develop 
Figures 5 to 9 
Parameter First sprinkler event Second sprinkler event 
Cp 236 mg/L (avg.) 245 mg/L 
Cm (start) 0.0 mg/L at T-0 min 8.4 mg/L at T-0 min 
15.6 mg/L at T-286 min 
Cjjj (end) 15.6 mg/L at T-254 min 24.3 mg/L at T-175 min 
17.0 mg/L at T-410 min 
Because of the assumptions of the hydrograph separation method, the 
maximum proportion of preferential flow contributing to the tile line 
occurs at the time of the concentration peak. The maximum contribution of 
preferential flow was 29% of total flow during the first irrigation, 65 
min after the irrigation began. During the second event, under somewhat 
wetter soil conditions, the maximum preferential flow contribution was 
23%, 85 min after the second tracer irrigation began. 
Figure 9 provides more detail of the macropore component from both 
the first and the second rainfall events. Preferential flow for both 
irrigations showed roughly similar timings and magnitude for the first two 
hours while both irrigations were the same. The peak in the preferential 
flow hydrograph during the first irrigation was 2.3 L/min which occurred 
just prior to the interruption in sprinkler application, 185 min from the 
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Figure 7. Preferential flow as a percentage of total tile flow calculated during first 
irrigation 
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Figure 8. Preferential flow as a percentage of total tile flow calculated during second 
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start. After the 38 min interruption, preferential flow steadily 
increased to a value of 2.0 L/min at the time the irrigation ended, 56 min 
after irrigation was resumed. Preferential flow during the second event 
reached 90% of its maximum flow rate 65 minutes after the initial tile 
flow response to rainfall was observed. This response began 25 minutes 
after the sprinkler event began. The flow rate continued to increase 
slightly for the entire rainfall. The maximum preferential flow rate 
during the second event, 1.26 L/min, occurred at 129 minutes just as 
sprinkler application ended. Based on the length of tile line which 
received irrigation at a rate in excess of 1.4 cra/h (the lower 95% 
confidence limit on infiltration rate), preferential flow would have 
amounted to 0.06 L/min per meter of tile line. 
The preferential flow hydrograph generated for the first irrigation 
event in Figure 9 shows the effect of the interruption in water 
application that occurred between 254 and 286 minutes. Preferential flow 
increased rapidly during the first 30 minutes of tile flow. Between 60 
and 120 minutes, the flow rate stabilized around 1.1 L/min and then slowly 
increased, similar to the flow pattern observed during the second event. 
Between 120 and 185 minutes, macropore flow increased rapidly to a maximum 
of 2.3 L/min before starting to decline. Between the two flow rates (1.1 
and 2.3 L/min), the rate of preferential flow contributed per meter of 
tile line ranged from 0.06 to 0.12 L/min. The surge in the rate of tile 
flow during the first irrigation which was observed starting at 120 
minutes reflects the rapid rise observed in the tile flow hydrograph which 
began at the same time (Figure 5). 
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The tile line responded in less than 20 minutes when the irrigation 
was restarted following the 38-minute interruption in the first 
irrigation. When the irrigation was resumed, it took 64 min for the 
preferential flow rate to rise back to 2.1 L/min. This behavior is 
different than what is seen for the start of the two irrigations and 
suggests that macropores contributing to tile flow had not completely 
drained in the 38 minutes that sprinkler application was interrupted in 
spite of the result shown in Figure 9. 
Conclusions 
A hydrograph separation technique based on the assumption that matrix 
and preferential flow are each distinctly separate flow mechanisms for 
solute transport was applied to two tile drainage hydrographs. The 
results show that consistent preferential flow hydrographs were obtained 
from two individual sprinkler applications on the same site. The 
hydrographs provide a crude estimate of the importance of preferential 
flow in the transport of water and chemicals to a tile line under an 
irrigation intensity that exceeded the soil intake rate on a portion of 
the plot area. These hydrographs also serve as crude estimates of the 
recharge of water and chemicals by macropores to the shallow groundwater 
system below the tile line. 
Under the experimental conditions and assumptions described in this 
section, preferential flow is believed responsible for a small (never 
greater than 29% of the instantaneous tile flow), but significant 
proportion of the tracers that reached the tile line from the surface. 
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The hydrograph separation method shows only 1.6% and 0.9%, respectively, 
of the entire tile flow volume from the first and second tracer 
irrigations could be attributed to preferential flow. The direct 
contribution of preferential flow to the tile line was estimated to be 
from 0.06 to 0.14 L/min per meter of tile. In spite of this relatively 
small contribution to total flow, when chemical concentrations in the 
preferential flow component (Cp) were assumed equal to the concentration 
of bromide and nitrate in the applied sprinkler water, preferential flow 
was responsible for 25% and 21% respectively, of the total accumulated 
mass of bromide and nitrate removed by tile drainage during the 51 h after 
the start of the first tracer irrigation. Preferential flow to the tile 
line during the second irrigation under the same assumptions contributed 
12% and 10%, respectively of the total mass of bromide and nitrate 
appearing in tile flow during a 56 h period, beginning with the start of 
the second irrigation. 
The use of a mass balance technique to quantify macropore flow to a 
tile line is limited by the need to estimate values for matrix and 
preferential flow concentrations, which is difficult without a tracer 
study. The technique could potentially be used where high background 
concentrations of a chemical are diluted by the inflow of clean surface 
water during a rainstorm. Results from this technique appear to be most 
sensitive to the values used for in Equation 4 and are least reliable 
when the is only a small difference between Cp and C^ . 
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SECTION IV. 
QUANTIFYING MACROPORES WITH A TENSION INFILTROMETER 
Preferential flow by macropores has been recognized as a potential 
mechanism for rapid hydrologie transport of solutes in both saturated and 
unsaturated soils (Beven and Germann, 1982; Thomas and Phillips, 1979; and 
White, 1984). A number of models have been developed to predict water and 
solute movement by preferential flow paths (Hoogmoed and Bouma, 1980; 
Edwards et al., 1979, Jarvis and Leeds-Harrison, 1987a,b; Levy and 
Germann, 1988; Sudicky and Frind, 1982; Trudgill and Coles, 1988; and Yeh 
and Luxmoore, 1982). Most preferential flow models require input data on 
soil hydraulic properties and macropore distribution, including spatial 
variability. 
Several methods to characterize macropores have been used, including 
tracer breakthrough curves, computer tomography as well as, dye staining 
and sectioning (Anderson and Bouma, 1977a,b; Elrick and French, 1966; 
Warner and Nieber, 1988; Bouma and Dekker, 1978; and Bouma et al. 1979). 
All of these methods however are limited in that they require laboratory 
analysis of undisturbed soil cores, or are painstakingly slow. 
One device for quantifying infiltration occurring in the larger soil 
pores is a tension infiltrometer (Watson and Luxmoore, 1986; Perroux and 
White, 1988). A tension infiltrometer operates on the principle described 
by the capillary rise equation (Hillel, 1980 p.47). 
He - 2 a cos a / (g (p^  - p^ ) r) (1) 
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where: - height of water rise in a capillary, or the tension 
of water at equilibrium in a pore size (r) (L) 
a - surface tension of water (M/t^ ) 
a - contact angle between water and soil (usually assumed 
to be 0) 
g - gravitational constant (L/t^ ) 
- density of water (M/L^ ) 
- density of air (M/L^ ) 
r - equivalent radius of a cylindrical pore (L) 
For water and air at 20° C and one atmosphere pressure, Equation 1 
becomes : 
Hg - 14.88 / r (2) 
when Hg and r are in mm. The smaller the effective pore size (r), the 
greater the capillary pore pressure (H^ ). By infiltrating water at a 
tension higher than a pore's capillary pressure, water can theoretically 
be excluded from entering any pore of that equivalent size or larger. 
Using a tension infiltrometer to measure infiltration at several soil 
moisture tensions makes it possible to quantify pore size distribution. 
The objective of this section was to collect pore size distribution 
data in the field on a Nicollet loam soil using a tension infiltrometer. 
These data could then be used to evaluate the tension infiltrometer as a 
method for quantifying the relative contribution to infiltration of soil 
pores having an effective diameter greater than 0.25 mm. 
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Materials and Methods 
The design of the tension infiltrometer built for this experiment was 
adapted from the devices described by Watson and Luxmoore (1986), Topp and 
Davis (1985), and Perroux and White (1988). A drawing of the tension 
infiltrometer used is shown in Figure 1. The 254 mm diameter acrylic base 
was covered with a 40 fim mesh of Nitex nylon material and backed by a 7.9 
mm thick plate of plexiglass to provide rigidity. The plexiglass plate 
was grooved and drilled with 1.6 mm diameter holes allowing water to pass 
through the plate and the nylon fabric. The nylon mesh was secured to the 
edge of the plexiglass base plate using glue made of plexiglass shavings 
dissolved in methylene chloride. 
For water to leave the infiltrometer under tension, air had to be 
pulled through the glass tube into the bubble tower and exit below the 
water surface. The top of the bubble tower was connected to the base of 
the two column reservoirs. The two plexiglass cylinders, 25 mm and 76 mm 
in diameter, were connected to each other at their bases, and to the 
bubble tower hydrostatically by means of flexible tubing. During 
infiltration, water was pulled out the base of the infiltrometer by soil 
pores, creating a slight vacuum or tension in the water column inside 
nylon membrane at the base. This reduction in pressure was transmitted to 
the top to the bubble tower which in turn was connected to the atmosphere 
through the four glass tubes. Tension of infiltrated water was regulated 
by unclamping one of four, 3-mm glass tubes, opening it to the atmosphere. 
The amount of tension that could be developed at the base was determined 
by the depth an air bubble from the atmosphere had to be pulled below the 
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Figure 1. Photograph of tension infiltroraeter used to measure pore 
size effects on infiltration 
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water surface in the bubble tube before exiting through the bubble tower. 
The water level in the bubble tower and the length of the glass tubes were 
adjusted to allow infiltration to occur under -10, 30, 60, and 120 mm 
tensions. The exact tension at which infiltration took place varied 
because of varying sand thickness and uneven soil surfaces. 
As a practical matter, the maximum tension at which a tension 
infiltrometer can be used and thus the smallest effective pore size that 
can be measured is controlled by the tension at which air enters the nylon 
membrane. For the membrane of the infiltrometer described here, this 
maximum was about 140 mm. Under some conditions it was possible to push 
this limit, but not consistently. The maximum tension value used for this 
experiment, 120 mm corresponding to an equivalent pore diameter of 0.125 
ram, was chosen somewhat arbitrarily and reflects a limitation of the 
instrument. Other workers have used 90 mm and 150 mm tension for their 
maximum tension corresponding, respectively, to equivalent pore diameters 
of 0.33 and 0.10 mm (Moore et al., 1986 and Watson and Luxmoore, 1986). 
The variation in minimum tension reflects the lack of consensus on a 
definition of macropore size (Beven and Germann, 1982). 
The two column reservoirs were connected by a flexible rubber hose so 
that, depending on the infiltration rate, the reservoirs could supply 
water to the base either separately, or together. The rate of 
infiltration was determined by using a stopwatch and observing the decline 
in water level in each column from a tape measure mounted on the column. 
The reservoir columns held enough water to allow infiltration readings to 
be taken at all four tensions on a single site without refilling. 
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Infiltration readings were taken for 20 min at each tension. Infiltration 
rates after the first few minutes of this time were constant. All four 
tensiometer readings took about 2 L of water. The infiltrometer was 
refilled by immersing its base in a pan of water and creating a vacuum at 
the top. of each column reservoir, pulling water in through the membrane. 
The location for the tension infiltrometer measurements was field 5 
on a Nicollet loam soil at the Iowa State University Agronomy / 
Agricultural Engineering Center located 13 km west of Ames, Iowa. 
Infiltration measurements were conducted during the first half of 
September, 1988, in a field of mature, conventionally tilled corn. A 
summary of the soil characteristics at the site is given in Table 1. The 
site was the same location as the tracer experiment described in Everts 
(1989), which had been conducted the previous summer. 
Infiltration readings were taken by first placing a 254 mm diameter 
ring of 14 gauge sheet metal, 64 mm wide, on top of the soil. The ring 
was pressed carefully into the soil from 30 to 50 mm and leveled. Some 
deformation of soil next to the ring occurred. With the ring in place, 
water was ponded on the surface to a depth of approximately 10 mm using a 
siphon arrangement. Ponded infiltration measurements were carried out 
with a fixed water volume. All readings were taken at less than field 
saturation. Following the initial test for infiltration under ponded 
conditions, the ring was then filled level with 40 - 60 mesh sand. The 
infiltrometer was placed on top of the leveled sand. Sand was used to 
assure the required hydraulic continuity between the base of the 
infiltrometer and the soil surface. The 10 mm depth of sand placed on the 
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surface was calculated to have a minimum hydraulic conductivity at a unit 
gradient of 2.0 m/h, four times the highest ponded infiltration value 
measured. 
Table 1. Selected physical properties for Nicollet loam soil at the site 
of the infiltrometer measurements (Kanwar et al., 1985) 
Soil Deoth 
Property 0 - 15 cm 15 - 30 cm 30 - 45 cm 
Particle size (mm) 
Sand (2 - 0.5) 47.3% 42.9% 44.8% 
Silt (0.05-0.002) 29.8% 29.4% 28.1% 
Clay (<0.002) 22.9% 27.7% 27.1% 
Field Capacity 
(% by volume) 
35 36 33 
Wilting Point 
(% by volume) 
17 17 17 
Saturated water 
content (% by volume) 
44 49 48 
Bulk Density (g/cm^ ) 1.35 1.35 1.38 
On six sites, infiltration data were collected at two soil moisture 
contents to evaluate any changes in measured pore size due to differing 
moisture contents. On these sites, ponded infiltration measurements at 10 
mm head were taken using 7.6 L water (150 mm depth). Immediately after 
the taking ponded measurements, sand was added and tension infiltration 
measurements were taken at four heads, a positive head and at 3 negative 
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values. The site was covered and left undisturbed overnight for 
approximately 18 h. The following day, infiltration readings were 
repeated with the infiltrometer at the same four heads. Ponded 
infiltration was not repeated on the second day because of sand covering 
the soil surface. A second data set was collected to determine whether 
pore size or infiltration differences could be distinguished in a corn 
field depending on the position, either between corn furrows and in corn 
rows. For this comparison, ponded infiltration rates were made at 10 mm 
head, with 11.3 L of water infiltrating into each ring (223 mm depth). 
Only one set of tension infiltration readings was taken roughly 18 hours 
later, the following day. 
Results and Discussion 
The effect soil water content had on infiltration and pore size 
determinations with the tension infiltrometer was estimated by taking two 
infiltration measurements on six sites a day apart. The infiltration 
tests made at two different water contents are summarized in Table 2. The 
values given for volumetric moisture contents were determined 
gravimetrically from soil samples collected adjacent to the infiltration 
ring and using the bulk densities given in Table 1. 
Infiltration rates at the higher soil moisture on the second day were 
significantly lower at the 95% confidence level at all tensiometer heads 
compared to rates for the dryer conditions. A plot of the effect the two 
soil moisture conditions had on infiltration is shown in Figure 2. The 
lines are drawn through the mean infiltration rate at each of the four 
70 
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Figure 2. Results of infiltrometer readings taken at volumetric soil moistures of 20% 
(wet conditions) and 28% (dry conditions); lines are drawn through the average 
infiltration rate at each tension 
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Table 2. Results of infiltration determinations by tension infiltrometer 
at two soil water contents 
Water 
content Head Rate Head Rate Head Rate Head Rate 
(% vol) (mm) (mm/h) (mm) (mm/h) (mm) (mm/h) (mm) (mm/h) 
21.6 24 16.8 -19 11.4 -48 7.2 -105 4. 8 
28.8 10 8.4 -20 4.8 -50 3.6 -109 1. 8 
20.7 8 33.0 -21 23.4 -52 22.2 -112 12. 0 
26.9 3 11.4 -27 9.6 -57 6,0 -116 1. 8 
20.4 5 43.8 -26 33.0 -57 26.4 -115 13, ,2 
29.4 10 18.6 -22 12.6 -51 7.8 -110 4, ,2 
19.4 10 44.4 -19 30.0 -51 21.6 -111 16 .2 
27.6 11 13.2 -19 9.6 -49 8.4 -109 4, .2 
19.5 8 61.8 -22 42.0 -53 36.6 -112 16, .2 
26.9 8 18.0 -22 12.0 -53 8.4 -113 4 .2 
19.1 5 49.8 -24 36.6 -57 18.6 -114 15 .0 
27.7 5 21.6 -24 13.2 -55 11.4 -114 5 .4 
Summary: 
Arithmetic Mean 
20.1 10 41.6 
Standard Deviation 
0.95 15.3 
Geometric Mean 38.6 
Arithmetic Mean 
27.9 8 15.2 
Standard Deviation 
10.2 5.0 
Geometric Mean 14.5 
Least Significant Difference 
23.4 
Dry conditions 
-22 29.4 
10.8 
27.2 
Wet conditions 
-22 10.3 
3.1 
9.8 
(95% level) 
19.1 
•53 
•53 
22.1 
9.6 
19.9 
7.6 
2 . 6  
7.2 
14.5 
•111 12.9 
4.3 
12 .0  
-112 3.6 
1.5 
3.3 
9.3 
149 
tensions where infiltration was determined. 
Table 3 contains the results of infiltration measurements on 18 
individual sites. On each site, a ponded infiltration determination was 
first made by infiltrating 11.3 L of water under a constant head. Sand 
was then added, the ring was covered, and tension infiltrometer 
measurements were taken the following day. The first set of nine values 
given in Table 3 were taken from locations in the field that were situated 
in the furrows located between corn rows. The second nine readings were 
made in a corn row, between corn plants. The average infiltration rate 
was slightly higher for the data set taken from furrows in between the 
corn rows, than for the average infiltration rate in the corn row. The 
difference however, was not statistically significant even at the 80% 
confidence level (Table 3). 
A statistical check of fit of the data in Table 3 to a normal 
distribution was made using the Shapiro and Wilk (1965) test. The 
results, summarized in Table 4 show measured infiltration rates, except 
under ponded conditions, are more likely to be log-normally distributed 
than normally distributed. A log-normal distribution was also found by 
Watson and Luxmoore (1986) for their tension infiltration results. 
The initial low soil water content, combined with the low volume of 
water infiltrated meant that the soil in the ring had not reached field 
saturation even after the completion of all infiltration measurements. 
Figure 3 shows a weak correlation between ponded infiltration rates and 
the tension infiltrometer measured rates taken at a similar positive head. 
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Table 3. Summary of infiltration rates in and between corn rows 
Soil Ponded Tension Infiltrometer 
Water Head Head Head Head Head 
vol % (mm) mm/h (mm) mm/h (mm) mm/h (mm) mm/h (mm) mm/h 
In Corn 23.8 11 343.8 11 18.6 -29 10.2 -56 7.2 -118 1.8 
Row 29.6 9 252.6 14 22.2 -26 18.6 -54 13.2 -115 5.4 
27.9 14 486.0 16 32.4 -24 18.6 -53 15.6 -114 6.6 
27.4 6 396.6 11 45.4 -28 21.6 -58 14.4 -120 0.6 
27.1 17 317.4 10 32.4 -29 18.0 -60 13.2 -121 5.4 
29.3 15 305.4 15 20.4 -23 10.8 -53 7.8 -114 0.6 
26.9 8 304.2 3 12.6 -27 9.6 -57 5.4 -116 1.8 
29.4 4 381.0 10 18.6 -22 12.6 -51 7.8 -110 4.2 
26.9 10 559.8 8 19.2 -22 11.4 -53 8.4 -113 4.2 
Between 26.1 11 237.6 8 21.0 -31 10.8 -60 9.0 -120 3.0 
Corn Row 26.9 5 323.4 8 34.8 -27 18.0 -57 14.4 -117 5.4 
28.5 14 48.6 14 14.4 -25 9.0 -53 6.6 -116 3.6 
29.2 13 341.4 9 70.8 -30 33.6 -62 22.2 -121 10.8 
32.9 7 575.4 7 71.4 -33 38.4 -65 29.4 -124 11.4 
29.4 11 349.2 7 48.6 -32 26.4 -66 15.0 -124 5.4 
28.8 10 55.2 10 7.8 -20 5.4 -50 3.0 -109 1.2 
27.6 1 117.6 11 13.2 -19 8.4 -49 6.6 -109 4.2 
27.7 6 442.8 5 25.2 -24 14.4 -55 11.4 -114 6.0 
In Rows-
Arithmetic : 
Mean 27.6 10 371.9 11 24.6 -26 14.6 -55 10.3 -116 3.4 
St. Dev . 1.7 4.0 91.9 3.7 9.6 2.7 4.3 2.7 3.5 3.3 2.1 
Geometric 
Mean 361.4 23.0 14.0 9.7 2.5 
SD log transform 0.10 0.16 0.13 0.15 0.38 
Between Rows-
Arithmetic : 
Mean 28.6 9 276.8 9 34.1 -27 18.3 -57 13.1 -117 5.7 
St. Dev . 1.9 4.0 168.8 2.5 22.9 4.8 11.2 5.9 7.9 5.4 3.2 
Geometric 
Mean 208.2 26.6 15.0 10.7 4.7 
SD log transform 0.37 0.32 0.28 0.28 0.28 
Test for Significant Difference: 
Normal Distribution: 
LSD (0.80) 118.1 40.1 7.1 5.2 2.4 
Actual Diff. 95.2 9.5 3.7 2.8 2.3 
Log-Normal Distribution: 
LSD (0.80) 2.5 3.5 1.8 1.9 3.0 
Actual Diff. 2.4 0.6 0.3 0.4 2.8 
600 
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Figure 3. Correlation between ponded infiltration and tension infiltrometer measured 
infiltration; best fit regression line has a correlation coefficient of 0.277 
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Table 4. Summary of Shapiro arid Wilk (1965) test for normal distribution 
of soil infiltration rates (all 18 sites reported in Table 3) 
Ponded Tension Infiltrometer readings 
Head (mm): +10 +10 -26 -56 -116 
Arithmetic mean 
(mm/h) 319.1 29.4 16.4 11.7 4.5 
Standard Dev. 144.6 18.2 8.7 6.3 2.9 
Geometric mean 
(mm/h) 265.8 24.2 14.5 10.2 3.4 
Standard Dev. of 
Log transform .31 .25 .22 .23 ,36 
Probability of a 0.40 <0.01 0.02 0.04 0.05 
Normal distribution 
Probability of a <0.01 0.70 0.85 0.85 0.10 
Log-Normal distribution 
Ponded infiltration were generally about ten times larger than the 
corresponding tension infiltration measured value at the same positive 
head. The tension infiltrometer values are closest to the range found for 
Kg by Kanwar et al. (1985) who reported values of 9.0 to 23.8 mm/h. The 
reason for the large difference between ponded infiltration rate and 
infiltration under the same head obtained from the infiltrometer is likely 
due in part to the difference in moisture content taking place between the 
two readings. Water entering soil during the ponded infiltration readings 
raised the volumetric soil moisture by an average of 7.8% in the surface 
100 mm. Soil moisture also increased for each subsequent tension 
infiltration reading, but the water volume infiltrated was much lower and 
153 
the effect of moisture differences appeared to much less pronounced. 
During ponded infiltration, the volume of water entering the soil was 
equal to a depth of 220 mm in the ring area. For all four tension 
infiltrometer readings, the maximum depth of water infiltrated was 50 mm. 
In addition to the effect of decreased soil sorptivity between when 
the ponded and positive head infiltrometer readings were made, the 
equipment used to take tension infiltrometer readings may very well have 
caused some reduction in hydraulic conductivity. Placing the 
infiltrometer on top of the sand which when full of water weighed 88.2 N, 
gave a loading rate at the soil surface of 1.9 KPa. This loading to the 
soil surface is highly likely to have resulted in some change in the pore 
sizes which were of interest. This possibility of bias in the results 
needs to be further investigated and suggests caution in applying the 
results. A design modification of the instrument used here that would 
reduce the weight on the soil may be needed. 
An equation which has been used to approximate the relationship 
between soil matric suction or tension and a soils unsaturated hydraulic 
conductivity between saturation and the wilting point is given by Gardner 
(1965). 
K - Kg / (( f / a )" + 1) (3) 
where: K - unsaturated hydraulic conductivity L/t 
Kg - field saturated hydraulic conductivity L/t 
r - soil matric tension L 
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a - empirical constant (corresponding to the value of 
T where K/Kg - 0.5) 
n - empirical constant 
Parameters for Equation 3 were obtained by curve fitting to the 
infiltration data reported in Table 3. The values used for Kg were the 
values obtained from the tension infiltrometer made at a positive head. 
The value for soil tension (r) is in mm. The resulting curve fit of 
the data is shown in Figure 4. Figure 5 compares the curve generated by 
Equation 4 with data from three forested soils collected with a tension 
infiltrometer at tensions from 10 to 90 mm by Moore et al. (1986). 
Moore et al. (1986) used Equation 3 to derive a probability density 
function based on effective pore diameter. This was accomplished by first 
expressing Equation 2 in terms of pore diameter (d) which described by 
Equation 5, and substituting Equation 5 into Equation 4 to obtain an 
expression for unsaturated hydraulic conductivity as a function of pore 
diameter (Equation 6). 
K - KG / ( ( t  /  40)1-34 +  1) (4) 
Hg - 29.76 / d (5) 
K(d)/Kg - 1 / ((Hy/d)* + 1) (6 )  
where : Hy - 29.76 / a (7) 
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Figure 5. Comparison of infiltration reduction at increasing tension for Nicollet loam 
soil and forested soils reported by Moore et al. (1986) 
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A hydraulic density function F(d) was then obtained by 
differentiating Equation 6 with respect to d. 
F(d) - (n/Hb)(Hb/d)^ +l /((Hy/d)" + 1)2 (8) 
The probability density function F(d) has the properties that: 
jo F(x) dx - 1 and F(x) - K(d)/Ks 
The area under the F(d), d curve between any two equivalent pore 
diameters represents the fraction of total saturated hydraulic 
conductivity contributed by that range in pore sizes. The hydraulic 
density function for the Nicollet loam soil is shown by Figure 6. The 
same hydraulic density function along with the three soils from Moore et 
al, (1986) shown earlier can be seen in Figure 7. Soils with higher 
values for F(d) at the smaller effective pore diameters are less 
influenced by macropore flow than those with lower values. As may be 
expected, both the uncultivated clay loam and sandy clay show greater 
macropore influence than the cultivated Nicollet loam, with the clay loam 
having the highest infiltration due to macropores. Comparing infiltration 
into the uncultivated coarse sand of Moore et al. (1986) shows that pores 
greater than 0.25 mm are less important to infiltration than the same pore 
size range in the cultivated Nicollet loam. One caution about Figures 6 
and 7 is that the Nicollet loam data one derived from measurements taken 
from 0 to 120 mm tension (effective pore diameter >0.25 mm). The 
parameters for Equation 8 for the three soils reported for Moore et al. 
were curve fitted to data taken from 10 to 90 mm. Extrapolation to higher 
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Figure 6. Probability density function (Eq. 8) for Nicollet loam soil at field site, 
a = 40, n = 1.34 
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Figure 7. Comparison of probability density function for Nicollet loam soil with the 
forested soils in Figure 5 reported by Moore et al. (1986) 
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tensions (<0.25 mm pore diameter) may not be valid, 
Watson and Luxmoore (1986) made use of Poiseuille's equation and 
assumed a unit hydraulic gradient to determine the maximum number of pores 
for a given pore size per unit area. 
N - 8 /i / T P g (9) 
where: N - number of pores of radius r per unit area /L^  
/i - viscosity of water M/L/t 
Kjjj - hydraulic conductivity difference between two soil 
water tens ions L/t 
p - density of water M/L^  
g - gravitational constant L/t^  
r - equivalent pore radius of the lower tension at 
which the difference is determined L/t 
The effective porosity 9 is the area of pores actively conducting water 
within the unit area for which N (Equation 9) was determined. This area 
can be calculated as : 
5 - N TT r^  (10) 
These calculations were made from the conductivity attributable to 
pores with diameters: less than 1.0 mm, between 0.5 and 1,0 mm, and 
between 0,25 and 0,5 mm using the geometric mean and the upper and lower 
95% confidence interval for Kg and the curve fitted parameters of Equation 
4. The results are presented in Table 5, 
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Table 5 indicates that the effective porosity of pores with a 
diameter greater than 0.25 mm is in reality quite small, a maximum of 
0.015% of the total area. This small area though, conducts approximately 
85% of the infiltration. The hydraulic conductivity used to calculate 
both effective porosity and number of pores has a strong influence on the 
values of the result. Further investigations should be made to correlate 
the size and density of macropores with tensiometer results. 
Table 5. Effect of field saturated hydraulic conductivity (Kg) on 
macropore density 
Tension Pore Infiltration % of Total Effective 
Diameter Rate Infiltration Number Porosity 
mm mm (mm/h) mm/h pores/m % 
Upper 95% confidence limit Kg- 39. ,9 mm/h 
30 1.0 23.8 16.1 40. ,5 19 0. ,0014 
60 0.5 14.7 9.1 22. 8 168 0. ,0033 
120 0.25 7.4 7.2 18. ,1 2137 0, .0105 
<0.25 7.4 18. ,6 
Geometric mean Kg- 24.2 mm/h 
30 1.0 14.4 9.8 40, ,5 11 0, ,0008 
60 0.5 8.9 5.5 22, ,8 102 0, .0020 
120 0.25 4.5 4.4 18, .1 1296 0, ,0063 
<0.25 4.5 18, .6 
Lower 95% confidence limit Kg- 14 .4 mm/h 
30 1.0 8.6 5.8 40, ,5 7 0 .0005 
60 0.5 5.3 3.3 22, ,8 61 0, ,0011 
120 0.25 2.7 2.6 18. ,1 771 0, .0037 
<0.25 2.7 18. 6 
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Conclusions 
From this preliminary investigation, a tension infiltrometer appears 
to be a useful tool for determining macropore effects on infiltration 
insitu. A disadvantage of the method lies in the possibility that the 
placement of the tension infiltrometer on top of the sand and the ring 
results in changing the pore size distribution. Further investigation of 
how much this effect actually biases the results needs to be made. At the 
worst, the results given here for a Nicollet loam soil can be considered a 
lower estimate on macropore influence. For the 24 sets of tension 
infiltrometer measurements (one at a positive head and three measurements 
at negative heads), taken for the Nicollet loam soil at the site studied, 
50% of the infiltration at the surface occurred through soil pores with an 
effective diameters greater than 0.75 mm. An important advantage of the 
technique is that soil water content does not appear to affect the pore 
size distribution results. The tension infiltrometer method can be used 
in-situ and is more rapid than many of the laboratory alternatives for 
determining pore size distribution of macropores. 
The infiltration data collected were found to fit a log normal 
distribution better than a normal distribution. No statistically 
significant difference could be found in either pore size distribution or 
infiltration rate between measurements taken to in corn rows or those 
taken in between rows in the furrow. 
The parameters chosen for determining the probability density 
function (Equation 8) are somewhat sensitive to the curve fitting 
technique by which they are selected. 
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OVERALL CONCLUSIONS 
An overall objective for this study was an increased understanding of 
the role of preferential water movement for an agricultural soil of 
central Iowa on the transport of agricultural chemicals to a shallow 
groundwater system. While seeking to quantify the significance of 
preferential flow, this study attempted to apply research techniques which 
offered a potential for cost effective data acquisition under field 
conditions. Since preferential flow in a soil is a transient and complex 
three-dimensional phenomena, three different field methods were 
incorporated into this study: tile drainage monitoring, use of rhodamine 
WT as an tracer, and measuring pore size effects on infiltration using a 
tension infiltrometer. 
Tile Drainage Monitoring 
A key part of this study (Sections II and III) describes the results 
of monitoring tile drainage from a plot during and after two irrigations 
with a solution containing chemical tracers. Although drainage from a 
tile line represents only a two-dimensional sample, it provided a means 
for obtaining an integrated sample of soil water without disturbing the 
site, and offers an improvement over point sampling methods frequently 
used for monitoring. Tile drainage samples were collected for 
concentration analysis at intervals as frequent as 5 min to enable the 
observation of changes in the mass of chemical movement during an 
irrigation. Once an irrigation began, tile flow rate and tracer 
concentration began to rise within 25 min of the start of the start of 
application at the soil surface. Concentrations of tracers in tile 
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drainage peaked 70 min after the start of an irrigation with tracer 
solution during each of two irrigations. After peaking, tracer 
concentration in tile flow decreased in spite of continued irrigation. 
The dynamic nature of the concentration and flow rate in tile drainage 
indicate that the time and frequency of sampling is critical in studies 
where a mass balance is desired. Preferential flow appeared to be the 
dominant transport mechanism early in an irrigation and for the adsorbed 
tracers, lithium and rhodamine WT. The relative importance of 
preferential flow during an irrigation was found to increase with 
increasing chemical adsorption. For the total transport of water and 
chemicals in tile drainage which occurred during a two day period, 25%, 
35%, 40%, 67%, and 83% of the water, nitrate, bromide, lithium, and 
rhodamine WT, respectively, moved during or within one hour after an 
irrigation. 
Solute transport was separated into two independent flow mechanisms 
based on the assumption of matrix and preferential flow components. The 
results show that the preferential flow component attained a maximum of 
29% of the total flow when the tracer concentrations peaked during the 
first irrigation. The maximum rate of flow to the tile drainage line by 
the preferential flow contribution was 1.26 L/min at the end of the first 
irrigation. 
Rhodamine WT as a Tracer 
Rhodamine WT is a fluorescent dye widely used for water tracing 
studies. It offers two major advantages to chemical transport 
investigations. First, low background fluorescence at the characteristic 
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emission wavelength means that it can be detected at concentrations less 
than 0.1 /ig/L. Second, unlike a pesticide, analysis of rhodamine WT in 
water samples can be made directly without the need to pretreat or extract 
the sample. Analysis is thus quick and inexpensive. 
In Section I of this dissertation, the adsorption coefficient 
determined for rhodamine WT corrected to a background solution with an 
ionic strength of 1 molar KBr averaged 4720. The partitioning coefficient 
was found to increase by a factor of three as the ionic strength of 
background ions in solution with rhodamine WT increased from 1.25 x 10"^  M 
to 0.1 M. Even for solutions of low ionic strength, the rhodamine WT 
adsorption coefficient indicates that it is more strongly adsorbed than 
most pesticides commonly used in Iowa. The partitioning coefficient for 
rhodamine WT adsorption was most strongly affected by soil organic carbon, 
or at low organic carbon levels, specific surface. 
Tension Infiltrometer 
Section IV describes a tension infiltrometer constructed based on 
designs reported in the literature for the purpose of quantifying pore 
size distribution in the field. The variability of infiltrometer 
measurements appears to fit a log-normal distribution. The infiltrometer, 
while not a rapid method (requiring 1.5 h to obtain four measurements at 
each site), appears to provide a means for directly measuring the 
influence of pore diameters greater than 0.25 mm. Some questions remain 
about the amount of soil compaction caused by the tension infiltrometer 
apparatus and the effect this may have on the actual values of pore sizes 
measured made. For the Nicollet loam soil at the field site, one-half of 
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the infiltration measured occurred at a tension of less than 40 nun 
corresponding to flow through pores with an effective diameter greater 
than 0.75 mm. 
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DISCUSSION AND SUGGESTIONS FOR FURTHER RESEARCH 
This section is divided into three aspects of research needs, each 
topic building on information gained by investigations of the previous 
topics : 
1) Equipment and techniques for quantifying preferential flow 
2) Understanding the effects of field conditions on preferential 
flow including: crop, soil moisture, seasonal changes, soil 
type, tillage, etc. 
3) Managing preferential flow and its effects on infiltration and 
solute transport 
Each of the three investigation areas above will provide a foundation 
of information that will be necessary to meet the needs of the later 
topics. The primary goal of research on preferential flow and macropores 
should be to understand their role in the hydrological cycle and how they 
influence solute and plant growth. Where possible, this understanding 
should be applied to manage preferential flow for enhanced surface and 
groundwater protection and for the optimization of agricultural 
production. 
Equipment and Techniques for Quantifying Preferential Flow 
The starting point of any investigation requires the development of 
some standard methodology and techniques. In attempting to gain a greater 
insight into macropores and preferential flow, one quickly realizes that 
at present there is not even agreement among researchers as to a uniformly 
accepted definition of macropores. The work described in Section IV was 
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an attempt to quantify the infiltration influence of the larger pore sizes 
over a small area of 500 cm^ using the previously developed tension 
infiltrometer. In addition, a hydrograph separation technique as a means 
of quantifying macropore effects on a larger field scale was described in 
Section III. How well techniques such as these actually help to 
characterize preferential flow is a question that needs further 
investigation. An example of an area needing additional work is the large 
decrease in infiltration rate noted when sand was added to the soil 
surface to prepare it for the use of the tension infiltrometer. The 
decrease in infiltration suggests that sand restricted infiltration 
through macropores. Tension infiltrometer results may need to be 
corrected, or the technique revised, in order to accurately measure the 
larger pore sizes and their effect on infiltration. 
Additional work that may offer potential for improving our ability to 
measure preferential flow effects include: 
a) Development of monitoring methods to permit the selective 
sampling of solutes moving at different tensions through the soil. Such a 
monitoring method could be used directly to measure the preferential flow 
concentrations required for modeling efforts. It could be used to give a 
direct estimate of the solute preferential flow concentration (Cp) used in 
section III for the hydrograph separation technique. A possible design 
for such a device might be a suction tube sampler modified to enable it to 
maintain a specific vacuum so that soil water at a specific maximum 
tension could be sampled. 
169 
b) Adaption of solute bore-hole dilution methods suitable for 
investigation of the significance of fracture flow in aquifer and aquitard 
materials. 
c) Exploring the possibility of wider application of the method used 
by Quisenberry and Phillips (1976) which evaluates changes in the 
coefficient of variation of solute concentrations from soil cores, with 
sampling depth as a technique to estimate the vertical distribution of 
macropore influence. 
Fluorescent dyes are a potentially valuable tool for field 
investigations of pesticide movement. Their major advantage is their low 
detection levels and low cost of analysis especially when compared to 
analytical methods for most organic chemicals. The variety of fluorescent 
dyes available suggest that they may be selected on the basis of their 
soil adsorption characteristics. A dye could then be used alone as a 
pesticide substitute or applied with a pesticide and used as an indicator 
in chemical transport studies in the field or in the lab. The use of dyes 
as substitutes or indicators for adsorbed chemicals in contaminant 
transport investigations is an area that is wide open to investigation. 
Some research efforts to accomplish this include: 
d) Comparison of dye adsorption characteristics to adsorption 
characteristics for various pesticides or commonly used industrial 
chemicals subject to spills. 
e) Investigation of fluorescent dye breakdown rates in soils and how 
long can they be trusted as indicators for less easily analysed chemicals 
in field studies. 
170 
f) Development of reliable procedures for extracting fluorescent 
dyes from soils so that dye concentrations in soil samples can be 
determined-
Understanding the Effects of Field Conditions on Preferential Flow 
Information gained from work done to develop methods for quantifying 
preferential flow will improve our understanding of preferential flow. 
Preferential flow through soil macropores is a complex phenomena. A 
section in the literature review was devoted to the topic of factors 
influencing preferential flow by macropore. Just how these factors affect 
macropore flow and how they interact with each other is an additional 
subject in need of further investigation, e.g.: 
a) How do macropore sizes and quantity vary with season, soil 
moisture, stage of crop growth, soil texture, and soil depth? 
b) How does rainfall intensity influence preferential flow? (This 
is an area where rainfall infiltrometers could be put to good use.) 
c) How significant is surface microrelief on preferential flow, what 
effect does uneven water application to a soil due to crop canopy 
influences have, and how does tillage affect preferential flow? 
Managing Preferential Flow and its Effects 
Information gained from the topics just described will be needed as a 
starting point to address the final research topic: managing preferential 
flow. Preferential flow has the potential to complement many presently 
used soil and water management techniques especially on structured soils. 
Managing preferential flow offers the potential for improved drainage. 
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increased rainfall utilization or irrigation efficiency, reduced soil 
erosion, or better control of soil salinity. Research that will be needed 
to improve our ability to manage preferential flow includes: 
a) Development of good mathematical models of preferential flow. 
These would be valuable tools in formulating management strategies as well 
as pointing the direction for further research opportunities. Some 
derivation of a combined flow model or kinematic wave model would be 
suggested as appearing to be the most promising. 
b) Determining whether tillage and fertilizer placement or the 
timing of either, can be used to manage the effects of preferential flow 
and this can best be accomplished. 
c) Testing of techniques such as that suggested by Hillel (1980 p. 
115) whereby an organosilicate is sprayed on the surface to protect 
preferential flow paths and encourage infiltration by these routes. 
Conclusion 
Although much work has already been done, many facets of preferential 
flow investigation appear wide open to investigation. Since developments 
are occurring at a rapid pace, the greatest need may be to coordinate work 
to avoid duplicate efforts. The subject of preferential flow should 
provide the ambitious graduate student with an abundance of research 
topics, as well as assure his professors continued job security. 
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